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SUPERIOR ORAL 
CHOLECYSTOGRAPHY 
AND CHOLANGIOGRAPHY 


Excellent cholecystograms are readily obtainable. 


The side reactions are usually minimal, only rarely very 
disturbing, and often completely absent. 


In a fairly large percentage of cases, the cystic and 
the common ducts are quite definitely outlined, 
and occasionally even the hepatic duct.” 


Buckstein, Jacob: The Digestive Tract in 
Roentgenology. Philadelphia, J. B. Lippincott Co., 
2nd ed., 1953, vol. 2, p. 1003. 


LABORATORIES 


NEW YORK 18, N.Y. * WINDSOR, ONT. 
Telepaque (brand of iopanoic acid), trademark reg. U.S. Pat. Off. 


DOSAGE: 

The average adult dose of 
Telepaque is 3 Gm. 

(6 tablets). In persons of thin 
or medium build, weighing 
less than 150 Ib., 2 Gm. 

(4 tablets) may be sufficient. 


SUPPLIED: 

Tablets of 0.5 Gm. 

in envelopes of 6 tablets, 
boxes of 5 and 25 envelopes, 
and bottles of 500. 
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FOR CONTINUOUS 
VISUAL 
MONITORING OF 
PHYSIOLOGICAL 
EVENTS 


Dessonzn for compatibility with other SAN- 
BORN equipment (examples, right), simplified 
operation via minimum controls (illustration, 
above), and precise control of the base line sweep, 
the Model 169A Viso-Scope now permits the 
owner or purchaser of SANBORN recording 
instruments to greatly widen their field of use- 
fulness. 

The cathode ray tube selected for this ’scope 
has a dual coating which produces a beam image 
of exceptional sharpness and long persistence on 
the orange screen-filter (when monitoring) and of 

extreme brightness and short duration 
on the blue screen-filter (for photog- 
raphy). When photography is desired, a 
Fairchild or DuMont oscilloscope cam- 
era may be mounted on the screen bezel 
(or any common camera may be used). 


MODEL 169A 


SANBORN VISO-SCOPE 


Sweep speeds of 25, 50 and 100 millimeters 


“per second are obtainable instantaneously, and 


enlargement on the Viso-Scope screen of a seg- 
ment of the tracing which is of particular interest 
may be made at any time. 

Typical applications of the Viso-Scope in- 
clude: observation of changes in the electrocardio- 
gram resulting from use of drugs; pressure 
monitoring in catheterization during manipula- 
tion of the catheter; and a more precise study of 
complex wave forms by an instantaneous increas- 
ing of the sweep speed, such as in myography, 
phonocardiography, and small animal electro- 
cardiography. 

Descriptive literature on the Viso-Scope 
complete with diagrams showing hook-up require- 
ments of various Sanborn recorders is available 
on request. 


The Model 169A-OR (Operating Room) Viso- 
Scope is a completely self-contained oscilloscope- 
amplifier unit, specially designed for visual ECG 
presentation during surgery in the presence of ex- 
plosive gases. Viewing unit is supported at or above 


five foot height on a steel column, and may be 
turned and tilted for best viewing angle. Provision 
is made for connection to a remote ECG, when 
written records are also desired. May also be used 
for display of sphygmograms, pneumograms, etc. 
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SINGLE-CHANNEL 
MONITORING 


Electrocardiograms may be conti ly itored with a 
Viso-Scope connected directly to a Sanborn Viso-Cardiette 
(Model 572 or 51). Or, a Model 128 or 141 Sanborn Recorder 
may be similarly used for viewing other phenomena such as 
pressure, temperature, sphygmograms, pneumograms, myo- 
grams, etc., with suitable transducers employed. 

Written records may be made whenever desired during 
the monitoring. Selection of sweep speeds on the Viso-Scope 
(see left page) is particularly advantageous to owners of 
these instruments. 


HIGHER SPEED 
MONITORING 


With the addition of an attachable booster amplifier the 
Viso-Scope may be used with a Sanborn Twin-Beam 
Cardiette, to display phenomena of higher frequency such as 
are encountered in phonocardiography, small animal electro- 
cardiography, high fidelity human electrocardiography, etc. 
Separate oscilloscope jacks on the Twin-Beam permit ready 
selection of the signal from either “‘phono’’ or ECG channel, 
for alternate display on the Viso-Scope screen. 


MONITORING 

| UP TO FOUR 

| EVENTS 

SIMULTANEOUSLY 


The Sanborn Electronic Switch, shown above connected to 
each channel of a Model 154M four-channel Poly-Viso, is 
designed for use with any Sanborn two- or four-channel 
direct writing recording system. It permits simultaneous 
observation of as many phenomena as the system is set 
up to record, and Viso-Scope thus connected appears to be 
operating with separate beams. Controls permit liberal 
relative positioning of beams on the scope screen, and 
individual sensitivity control. These adjustments have no 
effect on the recording instrument. 


VECTORCARDIOGRAPHY 


The Sanborn Model 185 Vector System (or vector amplifier) 
shown above right, has been specifically designed for use with 
the Viso-Scope, for displaying either vector loops or ECG 
complexes. This instrument’s lead selector switch, together 
with a specially-marked 9-wire patient cable and extra 
electrodes, permit the instantaneous selection of either cube 
or tetrahedral vector leads, or ECG leads, for Viso-Scope 
display. Adequate sensitivity (10” per mv) provides clear 
showing of P and T loops, as well as QRS. Additionally (via 
installation of timing transformer in the Viso-Scope) the 
Vector system provides Z axis, or intensity modulation for 
indication of speed and direction of sweep trace. 


SANBORN COMPANY 


CAMBRIDGE 39, MASSACHUSETTS 
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LINE 


RG-6 INSTANT SELF-DEVELOPING 
PHOTOKYMOGRAPH 


... Anew type recorder combining extreme 
sensitivity of photographic method 
with immediate visual record of direct 
writing method. 


... Eliminates need of costly amplifier 
when recording small outputs. 


Galvanometer light beam traces are developed on special 
6 inch wide sensitized paper inside camera itself within few 
seconds. Number} of channels limited only by user’s 
ability to read the multiple records. 3 speeds: 1 mm/sec, 
5 mm/sec, and 25 mm/sec. Includes necessary light 
sources, mirrors for 1 or 2 meter light beam lengths plus 
1 and 10 sec. time indicator. 


TT-11 CONRAD THERMISTOR 


...An extremely fast responding, 
versatile, resistance thermom- 
eter featuring unique probes for 
precision temperature measure- 

ment in all ranges. 


Exclusive 25 ga. and 22 ga. needle probes are 
unequaled in sensitivity. Also high quality, 
reliable polyethylene multi-purpose probe and 
skin surface probe. All probes sterilizable. Sev- 
eral can be used together for rapid consecutive 
readings through the one control box. Tempera- 
ture range can be expanded or contracted, raised 


or lowered by the user. Provision for simul- 
taneous recording. 


THE Wate RS CORPORATION wat 


Atlantic City Conven- 


Electro-Medical Instrument Division — 


«02 First Ave. N.W., Rochester, Minn. 


tion April 29 thru May | 


Specialists in instrumentation for cardiovascular and pulmonary function laboratories. 


Other products include Oximeters, Nitrogen Meters, and Cardiotachometers. 
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¢ rapid absorption and distribu- 
tion to all parts of the body 


¢ prompt, broad-spectrum action 
against infections caused by 
gram-positive and gram-negative 
bacteria, spirochetes, certain 
large viruses and protozoa 


¢ minimal incidence of adverse 
reactions 


e available in a wide selection of 
convenient dosage forms for 
oral, parenteral or topical use, 
including new faster-acting, 
better-tasting TETRABON’ 
(brand of tetracycline) homogenized 
mixture, 125 mg. tetracycline in each 
delicious, fruit-flavored 5 cc. tea- 
spoonful; therapeutic blood levels 
within one hour. Bottles of 2 fl. oz. 
and 1 pint, packaged ready to use. 


Tetracycline the nucleus of 
modern broad-spectrum activity, dis- 
covered and identified by Pfizer 
scientists 


Prizer Lasoratories 
Division, Chas. Pfizer & Co., Inc. 
Brooklyn 6, N. Y. 


*Trademark 
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JOSIAH MACY JR. FOUNDATION 


Announces A New Book 


POLYSACCHARIDES IN BIOLOGY 


Transactions of the First Conference 


Edited by Georg F. Springer, William Pepper Laboratory of Clinical Medicine, 
Hospital of the University of Pennsylvania 


This stimulating new book is the first in a series of five nearly verbatim reports of a 
multidiscipline conference group dealing with the many biological aspects of polysaccharides. 


The discussions recorded in this volume are primarily concerned with problems of 
nomenclature, problems of classification, bacterial polysaccharides, and blood group 
substances. 


$5.00 


JOSIAH MACY, JR. FOUNDATION PUBLICATIONS 
16 WEST 46th STREET, NEW YORK 36, NEW YORK 


Please make checks payable to Josiah Macy, Jr. Foundation 


For the first time 
a complete 


“LUNG FUNCTION 
STATION” 


in one compact integrated unit 


CLINICAL APPLICATIONS: 

@ Closed circuit technique for measurement of 
Functional Residual Capacity and Residual 
Volume using Helium or Oxygen 

e@ Vital Capacity, Inspiratory and Expiratory 
Reserve Volumes 

@ Timed Vital Capacity 

@ Maximum Breathing Capacity 

@ Oxygen Consumption: Basal Metabolic Rate 

@ Bronchospirometry: Oxygen Consumption 
and Vital Capacity of each lung 

@ CO, concentration of expired gases 


UNIT TO BE SHOWN: 
Clinical Investigation Meeting: 

April 29th through May Ist, Atlantic City 

Booth No. 29 


Send for complete brochure to: 


INSTRUMENTATION ASSOCIATES 
17 WEST 60TH STREET 
NEW YORK 23, N.Y. 


Exclusive representatives in the United States and South America 
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REAGENTS and REACTIONS 


e Enzymatic hydrolysis for conjugated steroids 
e Fibrinogen to explore clotting mechanisms 
¢ Diagnosing electrolyte-water imbalances 


ProGRESS IN PLASMA STEROID RESEARCH 


Corticosteroids, conjugated as glu- 

curonides, have for the first. time 

been recovered quantitatively from 

human plasma. Administering large 
oral doses of “tetrahydro-E,” Bongiovanni and 
Eberlein! were able to estimate the conjugated cor- 
ticosteroid in the plasma of their subjects and to 
confirm its identity with “tetrahydro-E.” For hy- 
drolyzing the glucuronide conjugate, they used 
Ketodase, Warner-Chilcott’s brand of beef liver 
B-glucuronidase because strong acid hydrolysis 
would have destroyed the steroid and proved in- 
efficient in breaking the glycosidic bond. With 
Ketodase, however, there was full recovery of the 
steroid. In your research, you will find that Keto- 
dase gives you accurate and consistent recoveries 
time after time. If you desire more information 
about steroid determinations, use the coupon below. 


TIME SAVED FOR RESEARCH 


aj One of the most striking phenomena 
~ “ > in protein chemistry is the formation 
é of a gel meshwork from a solution 
of fibrinogen, merely by addition of 
trace amounts of thrombin.? A series of complex 
reactions precedes the appearance of thrombin, 
for which no single explanation is as yet generally 
aecepted. Fibrinogen Warner-Chilcott, a freeze- 
dried, purified bovine fibrinogen, facilitates re- 
search of these complex clotting mechanisms. 
Because it is free of troublesome citrates and pro- 
thrombin, much valuable time, formerly spent in 
purification, is now saved. It is ready for use by 
simply adding distilled water. Write for additional 
information about Fibrinogen Warner-Chilcott. 


A New For AN OLpD STANDBY 
Where there is clinical evidence of 
water and electrolyte disturbance, is 
ll the condition due to low sodium or 
excess hydration? Serum Na con- 
centration alone cannot give the correct answer. 


A more accurate picture is obtained when the Na 
value is correlated with results from plasma vol- 


Fructose-free Inulin for clearance tests 


ume determinations. Evans Blue (T-1824) was 
used for plasma volume determinations by Leevy 
and Donovan’ who feel the plasma volume as well 
as the Na concentration must be known for op- 
timum diagnosis and therapy in patients with 
suspected alterations of circulating Na. For your 
;blood volume determinations, you will find Evans 
‘Blue Warner-Chilcott a quantitative solution, easy 
to use because it can be administered without cali- 
brating syringes or special weighing. Check the 
coupon for information about recent simplification 
in this method. 


ONE FRacTION Dogs THE Work oF Two 


Inuiin consists of two fractions — 
one alkali-stable and another alkali- 
labile. At the National Institutes of 
Health, Walser et al.,4 using Inulin 
10% Warner-Chilcott, found the renal clearance 
of that fraction of inulin which is not destroyed 
by hot alkali to be the same as the renal clearance 
of the fraction which is destroyed. Thus, Inulin 
10% Warner-Chilcott assures you of accurate re- 
sults whether or not you employ alkali treatment 
in your laboratory. It contains less than 0.5% free 
fructose and is, of course, sterile and pyrogen-free. 


1. Proc. Soc. Exper. Biol. & Med. 89:281 (June) 1955. 
2. Lorand, L.: Physiol. Rev. 34:742, 1954. 3. J.A.M.A. 
159:771 (Oct. 22) 1955. 4. J. Clin. Investigation 34:1520 
(Oct.) 1955. 


Warner-Chilcott reagents are locally available 
through leading laboratory supply distributors. 


WARNER-CHILCOTT 


Tc 

| Laboratory Supply Div., Warner - Chilcott Laboratories 
| 113 West 18th Street, New York 11, N. Y. 

| Please send me more information on 

| 

| Inulin 10% Ketodase 

| Warner - Chilcott 

Fibrinogen Evans Blue 
Warner - Chilcott Warner - Chilcott 
| NAME 

| 

| ADDRESS. 

| CITY. STATE 
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To counteract 
3 corticoid-induced adrenal atro- 
: phy during corticoid therapy, 
routine support of the adrenals 
with ACTH is recommended. 


THIS IS THE 
PROTECTIVE DOSAGE RECOMMENDATION 
FOR COMBINED CORTICOID-ACTH THERAPY 


@ When using prednisone or prednisolone: 
for every 100 mg. given, inject approx- 
imately 100 to 120 units of HP* 

ACTHAR Gel. 


@ When using Aydrocortisone: 
for every 200 to 300 mg. given, inject 
approximately 100 units of HP* 
ACTHAR Gel. 


e@ When using cortisone: 
for every 400 mg. given, inject approx- 
imately 100 units of HP*ACTHAR Gel. 


Discontinue administration of corticoids on 
the day of the HP*ACTHAR Gel injection, 


(IN GELATIN) 


The Armour Laboratories brand of purified 
adrenocorticotropic hormone—corticotropin (ACTH) 


*Highly Purified 


Unsurpassed in Safety and Efficacy 


More than 42,000,000 doses of 
ACTH have been given 


THE ARMOUR LABORATORIES 


A DIVISION OF ARMOUR AND COMPANY 
KANKAKEE, ILLINOIS 


1500 


MANN ASSAYED | 
BIOCHEMICALS 


CRYSTALLINE 


ENZYMES 


(partial list) 
AMYLASE 
CHYMOTRYPSIN 
COCARBOXYLASE 


COZYMA 
DESOXYRIBONUCLEASE 
FICIN 
beta~-GLUCURONIDASE 

HEXOKINASE 
HYALURONIDASE 
LIPASE 
LIPOXIDASE 
LYSOZYME 
PENICILLINASE 
PHOSPHATASE 


TRYPSIN 
UREASE 


For Complete Enzyme List, Send For 
NEW PRICE LIST No. 122K 


136 Liberty Street * New York 6, NY. 


a unique catalog of research biochemicals with 
detailed specifications used as an accepted guide 


MANN RESEARCH 
LABORATORIES, INC. 


The Journal of Clinical Investigation 


622 West 168th Street New York 32, New York 


COMPLETE 


BACK "ISSUES 


Vols. 1 through 11, inc.—special 
price 

Vol. 12 (1933) six issues 

Vol. 13 (1934) six issues 

Vol. 27 (1948) six issues and one 
supplement 

Vol. 28 (1949) six issues and two 
supplements 

Vol. 29 (1950) twelve issues 

Vol. 30 (1951) twelve issues and 
one supplement 

Vol. 31 (1952) twelve issues 

Vol. 32 (1953) twelve issues 

Vol. 33 (1954) twelve issues 

Vol. 34 (1955) twelve issues and 
one supplement 

Index, Vols. 1-17, inc. 


Order While Available 
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$25.00 
10.00 
10.00 
7 | 10.00 
10.00 
10.00 
12.00 
12.00 
12.00 
FAX 


Upjohn’s 13-story Research Tower, which house 


facilities and personnel of one of the largest research 


organizations in the pharmaceutical industry 


Medicine... 


designed for health ... 


produced with care 


Is there a doctor in the house? 


One of the reasons for Upjohn’s 
position as a leader in pharmaceu- 
tical and medical research is the 
care taken to select personnel who 
have the educational qualifications 
required to participate in well inte- 
grated research programs. 


At present the 300 men and women 
investigators in our Research and 
Medical Divisions include 116 Doc- 
tors of Philosophy, 21 Doctors of 
Medicine and more than 112 Mas- 
ters of Science. 


Another healthy condition is that 
some 200 different institutions of 
higher education are represented 


by these 300 employees. The ten 
leading schools in total number of 
degrees earned by Upjohn techni- 
cal people are: University of Wis- 
consin, 61; Michigan State Univer- 
sity, 52; University of Illinois, 51; 
Kalamazoo College, 45; University 
of Michigan, 27; Ohio State Univer- 
sity, 26; Western Michigan College, 
25; University of Minnesota, 12; 
Purdue University, 11; and Uni- 
versity of Chicago, 10. 


Sound training in the sciences is an 
integral part of a long and proud 
history of Upjohn contributions to 
the medical and pharmaceutical 
professions. 
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REVUE FRANCAISE D’ETUDES 
CLINIQUES ET BIOLOGIQUES 


APRIL, 1956 
Editorial 
Spleen, Anti-bodies, and Immuno-hematologic Syndromes. |. BERNARD and G. 
MATHE. 
Original Articles 


Transformation and Disappearance of Sodium Acetate Following Intravenous Ad- 
ministration in Normal and Acidotic Dogs. H. Lrestrapet and G. M. GuEst. 


Role of the Liver in the Metabolism of the Gluco-corticoids. A. VERMEULEN and 
L. DEMEULENAERE. 


Hyperchloremic Acidosis and Renal Lithiasis. B. Fry and M. LeGrain. 
Wegener’s Angiitis. J. CHATILLON, E. RuUTISHAUSE, and J. C. MORARD. 


Action of Myleran in 22 Cases of Chronic Myeloid Leukemia. Y.KEeENIs, P. Dustin, 
Jr., J. A. HENRY, and H. J. TAGNoN. 


General Revue 


Complement and Properdine. J. P. SOULIER. 


Technical Note 
High Speed, Phase Contrast Microcinematography. R. RoBINEAUX. 


Subscriptions, U.S.A. and Canada, $19.00 
Special rate for interns and residents, $13.00 


Flammarion, 1243 University Street, Montreal 
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SCHWARZ 


1956 
PRICE LIST 


of 
Biochemicals 


NOW READY 


Some SCHWARZ Biochemicals 


for Industry and Research 


Purines and Pyrimidines Sulfhydryl Reagents 

Phosphorylated Adenosine Compounds e Sugars 

Cozymase Tripheny! Tetrazolium Chloride 
Nucleosides and Nucleotides Deoxynucleosides 

Nucleic Acids and Metallic Nucleates Optically Standardized Amino Acids 
Sugar Phosphates Radioactive Chemicals 

Glutathione 


SCHWARZ LABORATORIES, INC. 


230 Washington Street, Mount Vernon, N. Y. 
Send the Please send me copy of your 1956 Price List of Biochemicals 
Coupon 
your copy 


Name 


Position 


Company 


Street Address 
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the most effective 
antithyroid compound known 


Days (Average) to Euthyroidism 


Propylthiouracil ‘Tapazole’ Propylthiouracil ‘Tapazole’ Propylthiouracil 


‘Tapazole’ 


PRODUCT 


45 54 35 50 15 28 


NO. 
PATIENTS 
REFER- 
ENCE 


J:A.M.A., 149:1637, 1952 Am. Jd. Med., 11:724, 1951 Am. J. M. Sc., 222:138,1951 


(METHIMAZOLE, LILLY) 


*.. by far the most rapidly acting antithyroid 
compound with which we have had experience.’* 


‘Tapazole’ is of benefit in all types of ment in those patients in whom thy- 
hyperthyroidism—as an aid in preopera- roidectomy is contraindicated. 

tive preparation and as medical treat- Available as 5-mg. and 10-mg. scored 
*J. Clin. Endocrinol., 14:948, 1954. tablets in bottles of 100 and 1,000. 


ELI LILLY AND COMPANY ¢ INDIANAPOLIS 6, INDIANA, U.S.A. 
687148 


63 


Paroxysmal nocturnal hemoglobinuria (PNH) 
is a rare chronic hemolytic anemia characterized 
by an acquired defect of the erythrocyte which 
renders it susceptible to hemolysis by normal hu- 
man serum. Previous reports have indicated that 
magnesium and factors resembling the components 
of complement are required for the hemolysis in 
vitro of PNH erythrocytes by normal serum 
(1, 2). 

Recently a naturally occurring serum protein, 
properdin, has been described which requires mag- 
nesium and complement for its activity in vitro 
(3). Thus, properdin, magnesium, and comple- 
ment have been termed the properdin system, 
which participates in the lysis of certain bacteria 
and the inhibition of certain viruses (4, 5). 

The resemblance between the factors required 
for PNH hemolysis and the constituents of the 
properdin system prompted this study on the role 
of the properdin system in the hemolysis of PNH 
erythrocytes. 


METHODS 


The test system in all instances was the hemolysis of 
PNH erythrocytes obtained from three patients with 
typical PNH whose case histories will be reported else- 
where (6). The red blood cells from all three patients 
had similar characteristics. 

Erythrocytes from oxalated or defibrinated blood were 
washed three times in isotonic sodium chloride and re- 
suspended to a concentration of 50 per cent in isotonic 
sodium chloride containing 0.0005 M magnesium chloride. 
They were stored at 4°C and discarded after 5 days. 

Sera: Fresh, clotted venous blood was allowed to re- 
1 Presented in part to the Central Society for Clinical 
Research, Chicago, Illinois, October 29, 1954. Supported 
in part by research grant No. H1263C from the National 
Heart Institute, National Institutes of Health, U. S. 
Public Health Service; and by a grant from Lederle 
Laboratories Division, American Cyanamid Company, 
Pearl River, New York. 

2U. S. Public Health Service Postdoctoral Research 
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main for 30 minutes at room temperature (20° to 25°C) 
and then stored overnight at 4°C. Serum was separated 
from the clot by centrifugation and stored at 4°C. On 
storage at 4°C serum loses its ability to hemolyze PNH 
erythrocytes in several days; therefore all sera were used 
within three days of collection. Serum, however, can be 
stored at — 70°C for at least six months without loss of 
hemolytic activity. Serum was diluted with isotonic 
sodium chloride containing 0.0005 M magnesium chloride. 

Heated serum was prepared by heating in a 56°C water 
bath for 30 minutes. Properdin is inactivated in such 
serum (3). 

Hemolytic system: ‘xcept where indicated all tests 
were conducted in a buffered system at pH 68 to 6.9. 
Since minor variations in pH have been noted to re- 
sult in marked changes in degree of hemolysis, a well 
buffered system is essential. The buffer was made by dis- 
solving 3.4 gm. of imidazole in 90 ml. of 0.2 M hydro- 
chloric acid, and adding distilled water to 100 ml. This 
was titrated to pH 6.7 with approximately 0.2 volumes 
of normal hydrochloric acid (7). All sera were acidified 
and buffered after heating or other pre-treatment. The 
addition of 0.1 volume of 0.145 M hydrochloric acid and 
0.1 volume of the buffer to one volume of serum, fol- 
lowed by 0.1 volume of the 50 per cent erythrocyte sus- 
pension resulted in a stable final pH of 6.8 to 6.9. The 
mixture was incubated for 15 minutes at 37°C in a water 
bath. After incubation and centrifugation, hemolysis 
was scored by inspection on a scale of 0 to +++, or the 
free hemoglobin was determined quantitatively on an 
Evelyn photoelectric colorimeter to obtain per cent he- 
molysis. Changes in the number of transfused cells pres- 
ent in patient’s cell population caused the variations in 
hemolysis observed in different experiments. 

Special serum preparations: Serum samples from 
which components of complement, C’l, C’2, C’3, or C’4 
had been removed, referred to respectively as R1, R2, R3, 
and R4, were prepared as previously described (8). 

Properdin was removed from serum by exposing it to 
zymosan at 17° C (3). Serum rendered deficient of 
properdin by this means is called RP. It contains all 
measurable factors of the clotting system and all com- 
ponents of complement in amounts comparable to un- 
treated serum. The RP used in these studies was re- 
quired to meet the criteria previously established (3, 9). 

Purified properdin was prepared by a method described 
e'sewhere (3). It was concentrated to contain 100 to 700 
units per ml. in phosphate or barbital buffer and was di- 
luted with isotonic sodium chloride immediately prior 


to use. Such preparations retained potency for at least 
6 months at — 20°C. 

Resin-treated serum was prepared by the addition of 
an equal volume of Amberlite IRC-50 (sodium cycle) to 
serum for ten minutes at room temperature. In this way 
99.9 per cent of calcium and magnesium ions were re- 
moved (10). Such serum was used immediately after 
preparation because of the instability of C’l in the ab- 
sence of calcium. 

Thrombin: Lyophilized thrombin (Parke-Davis and 
Co.) was dissolved to a concentration of 1000 interna- 
tional units per ml., in isotonic sodium chloride contain- 
ing 0.0005 M magnesium chloride. The solution was 
stored at — 20°C and thawed immediately prior to use. 
Fifty units (0.05 ml.) was added to 1 ml. of serum in the 
PNH test system (11). 


RESULTS 


1. Effect of removing properdin on PNH he- 
molysis 


The removal of properdin from serum rendered 
that serum inactive for the hemolysis of PNH 
erythrocytes (Table 1). Fresh normal serum was 
found to be more hemolytic at pH 6.8 than 7.4. 
At the optimum pH of 6.8, serum from which 
properdin had been removed, (RP) was com- 
pletely inactive for hemolysis of PNH cells, even 
though it contained normal amounts of all the 
components of complement. Other serum sam- 
ples from which one component of complement 
had been removed, R1, R2, R3, and R4, were 
also inactive for PNH hemolysis, although R2 
and R4 contained normal amounts of properdin. 

However, as indicated in Table II, the removal 
of properdin from serum did not inactivate sys- 
tems dependent on the action of a specific hemoly- 
sin, such as paroxysmal cold hemoglobinuria, 
anti-A or anti-B isohemolysin, amboceptor sheep- 
cell hemolysin, or anti-human immune erythro- 
cyte hemolysin. The hemolysis of PNH erythro- 
cytes in a serum did not result in a decrease in the 


TABLE I 


The effect on hemolysis of P NH erythrocytes of 
removing properdin from serum 


Hemolysis 
of PNH 
Serum pH Properdin Complement erythrocytes 
Normal 7.4 Normal Normal oa 
Normal 6.8 Normal Normal +++ 
RP 6.8 0 Normal 0 
R1 6.8 Normal Lacks C’1 0 
R2 6.8 Normal Lacks C’2 0 
R3 6.8 Lacks C’3 0 
R4 6.8 Normal Lacks C’4 0 
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TABLE II 


The effects on PNH and immune hemolytic systems of 
removing properdin from serum 


Hemolysis Hemolysis 
in whole in RP 
Type of hemolysis serum serum 
PNH Present Absent 
Paroxysmal cold hemoglobinuria Present Present 
Anti-A, Anti-B Present Present 
Sensitized sheep cell Present Present 
Anti-human red cell Present Present 
Hemolysin from patient with 
acquired hemolytic anemia Present Present 


level of complement or properdin in that serum. 
However, the assay methods would not detect 
small changes in either complement or properdin. 


2. Restoration of the ability to hemolyze PNH 
cells by the addition of purified properdin to 
RP serum 


The addition of purified properdin to RP to a 
final concentration of 5 units per ml. caused 
marked PNH hemolysis, whereas RP or properdin 
alone caused no hemolysis (Table III).  Pro- 
perdin prepared from cow or hog serum was also 
effective. Properdin did not restore hemolytic 
activity to R1, R2, R3, R4 and heated serum. 

Comments: Removal of properdin from serum 
renders the serum inactive for hemolysis of PNH 
cells. No other measurable substance is removed, 
for such sera are essentially unchanged as regards 
complement and the clotting factors. The sub- 
stance removed by zymosan behaves functionally 
as a single entity that is fully capable of restoring 
hemolytic power to RP. The failure of properdin 
to restore sera inactivated by other methods again 


TABLE III 
Restoration of ability to hemolyze P NH cells by the 
addition of properdin to RP serum 


Hemolysis 


of 
Serum Added properdin erythrocytes 
Normal 0 +++ 
RP 0 0 
RP 5 units human aoe 
RP 5 units hog +44 
RP 5 units cow tt + 
R1 5 units human 0 
R2 5 units human 0 
R3 5 units human 0 
R4 5 units human 0 
Heated 56°C 5 units human 0 
Isotonic sodium 5 units human 0 


chloride 


4 
5 
4 
° 
— 
4 
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demonstrates that other factors similar to or 
identical with the components of complement are 
essential for hemolysis of PNH cells. Although 
the inactivated sera were prepared by accepted 
methods, one cannot exclude the possibility that 
there are removed other unidentified substances 
unrelated to complement, but required for PNH 
hemolysis. The ability of properdin obtained from 
several animal species to restore the human PNH 
system strengthens the initial hypothesis that this 
factor is a common and basic constituent of serum. 


3. The requirement for magnesium in PNH 
hemolysis 


Removal of magnesium and calcium from serum 
by cationic exchange resin rendered that serum 
inactive for hemolysis of PNH erythrocytes. Ad- 
dition to resin-treated serum of calcium to a 
final concentration of 0.0015 M did not restore the 
hemolytic property. Addition of magnesium in a 
concentration of 0.0005 M resulted in complete 
restoration of the hemolytic system. Excesses of 
magnesium resulted in inhibition of hemolysis, 
probably because of the significant increase in total 
ionic strength. Addition of 0.0015 M calcium to 
0.0005 M magnesium did not result in an increase 
in hemolysis greater than that resulting from ad- 
dition of magnesium alone. 

Thus, as previously demonstrated (1), there 
is an absolute requirement for magnesium in the 
hemolysis of PNH erythrocytes. 


4. Relation of serum properdin level to the PNH 
hemolytic activity of serum 


The properdin content of human sera correlated 
with the hemolytic activity of those sera against 
PNH erythrocytes. In a typical experiment 
(Table IV) a normal serum No. | containing 4 to 
8 units of properdin per ml. caused hemolysis of 
34 per cent of the test cells, while another normal 
serum No, 2 containing 1 to 2 units of properdin 
per ml. caused only 14 per cent hemolysis. RP 
alone failed to cause hemolysis, but the addition of 
3 units of properdin per ml. gave 23 per cent and 
5 units caused 36 per cent hemolysis. There was 
a relationship between properdin content and he- 
molytic activity in many untreated sera and on 
adding properdin to RP. However, some un- 
treated sera failed to show good correlation be- 
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rABLE IV 


The relation of serum properdin level to hemolysis of 
PNH erythrocytes 


Hemolysis 
of PNH 
erythrocytes 


Properdin 


Serum content 


’ units per ml. per cent 


Normal—No. 1 4-8 33 


Normal—No. 2 1-2 14 
RP 0 0 
RP + 3 units properdin 
RP + 5 units properdin 


3 23 
5 36 


tween properdin level and PNH activity. This in- 
consistency, presumably due to other limiting vari- 
ables such as complement components, precludes 
the use of PNH hemolysis as a means of routine 
measurement of properdin in serum at this time. 


5. Relation of properdin to the thrombin effect on 
PNH hemolysis 


In normal serum with moderate hemolytic ac- 
tivity for PNH cells, addition of thrombin has 
been noted to result in increased hemolysis. This 
has been the basis of a diagnostic test for PNH 
(11), and forms an important part of a theory 
proposed by Crosby relating PNH hemolysis to 
the clotting system. Accordingly, the possible re- 
lationship between thrombin and properdin effect 
was investigated. 

Both commercial and “pure” thrombin ( Parke- 
Davis and Co.) were found to contain properdin 
activity, varying from one unit to four units of 
properdin in every 50 units of thrombin, which is 
the amount used in the thrombin test. Neither 
properdin nor thrombin was hemolytic alone, but 
the addition of equivalent amounts of thrombin or 
properdin to serum resulted in equal augmentation 
of hemolysis of PNH cells (Table V). Thus, a 
serum initially containing 2 units per ml. of pro- 
perdin caused 21 per cent hemolysis. Addition of 
50 units of thrombin “A”, a preparation con- 
taining 2 units of properdin in each 50 units of 
thrombin, caused 45 per cent hemolysis ; addition 
of 2 units of properdin resulted in 48 per cent he- 
molysis. On another occasion, using thrombin 
“B”, a preparation containing approximately 4 
units of properdin in each 50 units of thrombin, 
addition of 50 units of thrombin caused increase 
in hemolysis in serum from 11 per cent to 54 per 
cent. Five units of properdin gave an increase in 
hemolysis from 11 per cent to 56 per cent. 
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TABLE V 


Effects on hemolysis of adding properdin and 
thrombin to serum 


Hemol 
ysis of 
PNH 
eryth- 
rocytes 


Thrombin Serum mixture 


per cent 


Thrombin ‘‘A”’ 


(50 units con- 
tains 2 units of 
properdin) 


Thrombin ‘‘B” 


(50 units con- 
tains 4 units of 
properdin) 


Serum. 21 
Serum+50unitsthrombin 45 
Serum+2 units properdin 48 


Serum 

Serum+ 50 units thrombin 
Serum+ 5 units properdin 
R > 


I 
RP+50 units thrombin 
RP+5 units properdin 
R3+50 units thrombin 
R3+5 units thrombin 


The addition of 50 units of thrombin “B” or 5 
units of properdin to RP resulted in 27 per cent 
hemolysis, but neither caused hemolysis when 
added to R3 or heated serum. 

Larger amounts of thrombin have an anticom- 
plementary effect on serum and could not be tested. 

Comments: The detection of properdin in 
thrombin preparations and the evidence that 1) 
the hemolytic property of thrombin corresponds 
to its properdin content, and 2) thrombin specifi- 
cally restores an RP serum to hemolytic activity, 
suggest that properdin is the active principle re- 
sponsible for the effect of thrombin. Accordingly, 
the activity of thrombin may be due to the addi- 
tion of properdin contained in thrombin rather 
than to the inactivation of a proposed inhibitor by 
thrombin per se. The coexistence of properdin 
with thrombin in preparations of the latter is not 
surprising, for both are B-euglobulins with similar 
iso-electric points. It was not possible to remove 
properdin from thrombin preparations with zy- 
mosan because of the requirement for magnesium 
and the components of complement. 


DISCUSSION 


Both complement and the clotting system have 
been implicated in the hemolysis in vitro of PNH 
erythrocytes. Originally Ham and Dingle (2) 
showed that destruction of any component of com- 
plement resulted in loss of hemolytic activity of 
serum, and that addition of guinea pig comple- 


ment to normal serum caused increased hemolysis. 
However, serum complement did not appear to be 
depleted during the hemolysis of PNH cells, and 
subsequent studies indicated that the hemolytic 
activity of a serum could be destroyed without loss 
of conventional complement (12). Thus, com- 
plement alone did not appear to be responsible for 
hemolysis of PNH cells, although factors similar 
to complement appeared to be necessary for the 
hemolytic reaction. 

Crosby and Dameshek (13) proposed that the 
PNH hemolytic factor was related to ac-globulin, 
but Harris, Jordan, Pillemer, and Desforges (1) 
clearly showed that ac-globulin was not essential 
for hemolysis of PNH cells. More recently, 
Crosby (14) has proposed a complex of four ac- 
celerators and inhibitors of the PNH system re- 
lated to the clotting mechanism. This theory had 
its origin in the observed clinical tendency to 
thrombosis in patients with PNH, and it is based 
in large part on the action of thrombin in causing 
augmentation of PNH hemolysis im vitro. None 
of the four proposed factors has been identified in 
support of this theory. 

The current study offers evidence that the pro- 
perdin system, a natural defense mechanism of 
human serum, is required for PNH hemolysis. 
In every manner tested the PNH system is com- 
parable in requirements and behavior to the reac- 
tions of the properdin system with zymosan, bac- 
teria and viruses. All these reactions require 
magnesium and factors indistinguishable from 
complement along with properdin, and all are de- 
pendent on a specific temperature and pH. 

These observations support the findings of 
Ham and Dingle (2) that factors resembling com- 
plement are necessary for the hemolytic reaction 
against PNH erythrocytes. The demonstration 
of the participation of properdin in PNH hemoly- 
sis and its relation to complement may explain the 
hitherto confusing observations that 1) there is 
no utilization of complement during hemolysis, 
and 2) hemolytic activity may disappear without 
depletion of total complement. That there are 
additional undescribed factors affecting hemolysis 
is entirely possible. 

These studies may identify one factor of the 
complex proposed by Crosby, for it is probable 
that properdin is one of the heat labile factors of 
earlier authors and may be the heat labile acceler- 
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ator of Crosby. Further, properdin activity is 
probably responsible for the effect observed when 
thrombin is added to serum. The existence of a 
heat stable inhibitor which is inactivated by throm- 
bin was proposed on the evidence that augmented 
hemolysis resulted from addition of thrombin to 
serum and its subsequent removal by barium sul- 
fate. Since properdin is present in thrombin 
preparations and is not removed by barium sul- 
fate, the “thrombin effect” could well be due to 
the addition of properdin, a procedure which has 
been shown to augment PNH hemolysis. Pro- 
perdin has no demonstrable relationship to the 
clotting system, as evidenced by the fact that 
properdin preparations contain no activity similar 
to the described clotting factors, and a serum or 
plasma from which properdin has been removed 
is normal for known clotting factors when com- 
pared to an untreated control (3). 

Thus, these studies indicate that the properdin 
system, consisting of properdin, components in- 
distinguishable from complement, and magnesium, 
is required for the hemolysis of PNH erythrocytes 
in vitro. The earlier observations on the role 
of the properdin system in bacterial destruction 
and virus neutralization (4, 5) and the require- 
ment of properdin for hemolysis in vitro of PNH 
cells, suggest that hemolysis of PNH erythrocytes 
may be due to the interaction of properdin with 
the stroma of the intact erythrocytes. It has al- 
ready been suggested that the final destruction of 
PNH cells is due to a proteolytic enzyme system 
(1), and the relation of properdin to such a system 
awaits further investigation. 


SUMMARY 


1. Similarities between the factors required for 
PNH hemolysis and the factors comprising the 
properdin system are pointed out. 

2. Removal of properdin from serum renders 
the serum inactive for PNH hemolysis but not for 
immune hemolytic systems; readdition of pro- 
perdin derived from several species restores PNH 
hemolytic activity to such serum. 

3. A relationship exists between the PNH he- 
molytic activities and properdin titers of sera. The 
addition of properdin to weakly lytic sera also 
augments hemolysis. 

4. The ability of thrombin to affect PNH he- 
molysis may be due to the presence of properdin in 
samples of thrombin. 
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5. The PNH hemolytic system of normal serum 
includes properdin, factors resembling the com- 
ponents of complement, and magnesium. 
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TO INSULIN AND THEIR USE IN ASSAYING INSULIN? 
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A specific method for the detection of small 
quantities of insulin in body tissues and fluids 
might help to resolve some of the problems con- 
nected with the mechanism of action and hormonal 
interrelationships of insulin. The biological as- 
say methods for small quantities of insulin (2-4) 
are based upon the effect of insulin on glucose 
metabolism. Although very sensitive, these meth- 
ods have several disadvantages. They are tech- 
nically difficult, are dependent upon the physio- 
logical effect of insulin, therefore, subject to con- 
siderable biological variation, and consequently 
may not be specific for insulin per se. A method 
specific for insulin and independent of biological 
variation would, therefore, be highly desirable. 
Since serological methods are highly specific 
and independent of biological variation, an im- 
munological approach to the measurement of in- 
sulin in tissues and body fluids appeared promis- 
ing. Moreover, it has been noted here and in 
other laboratories (5-8) that the hemagglutina- 
tion technique employing tannic acid and protein 
treated red cells is highly specific and also very 
sensitive. It was suggested (8), however, that 
greater precision in the measurement of antigen 
could be attained by converting the hemagglutina- 
tion to a hemolytic reaction with the addition of 
complement. In this way the reaction could be 
measured colorimetrically. This conversion was 
impossible with tannic acid-treated cells since 
they often are lyzed in the presence of complement 
alone (7, 9). Consequently other methods of 
coupling protein to red cells were sought. The 
method using bis-diazotized benzidine, as described 
by Pressman, Campbell, and Pauling (10), has 
been modified and was used in the present study. 
The antigenicity of insulin has been indicated 
by several investigators (11-15). Barral and 
1A preliminary report of this work was presented be- 


fore the American Association of Immunologists at Chi- 
cago in the Spring of 1953 (1). This study was sup- 


ported in part by a grant from Eli Lilly and Company. 


University, Cleveland, Ohio) 
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Roux (11) and later Bernstein, Kirsner, and 
Turner (12) elicited anaphylactic responses to 
insulin in guinea pigs. Lewis (13) observed the 
Schultz-Dale reaction in uteri of guinea pigs sensi- 
tized with insulin. By the use of the complement 
fixation, Wasserman, Broh-Kahn, and Mirsky 
(14) were able to demonstrate antibodies to in- 
sulin in six of eleven immunized rabbits. Lowell 
and Franklin (15) induced resistance to the hy- 
poglycemic action of insulin in four of twenty- 
four rabbits by repeated injections of insulin. 
Evidence is presented here that antibodies to 
insulin can be produced consistently in rabbits. 
These antibodies, as well as antibodies in patients 
resistant to insulin, can be detected by hemag- 
glutination and hemolysis of insulin-conjugated 
erythrocytes. Methods are also presented for the 
assay of microgram quantities of insulin in pure 
solutions. Evidence that rabbit anti-insulin serum 
is specific for insulin, and that there is a high de- 
gree of serological cross-reactivity among insulins 
from various species is presented in the next 


paper (16). 


MATERIALS 7 AND METHODS 


The preparation of bis-diazo-benzidine. Bis-diazo- 
benzidine (BDB) was prepared according to the method 
of Kabat and Mayer (17). It was essential to maintain 
the temperature of the reaction mixture below 0° C. The 
final product was a pale yellow solution. It could be 
stored for an indefinite period of time if frozen at — 80° C 
and maintained at — 35° C to — 40° C. 

Normal rabbit serum. Normal rabbit serum (NRS) 
was prepared by heating serum from non-immunized rab- 
bits at 56° C for 30 minutes and absorbed with an equal 
volume of washed, packed sheep erythrocytes for 15 
minutes at room temperature. Normal rabbit serum di- 
luted 100 times (1/100 NRS) was used as the diluent in 
the hemagglutination titrations. 

Erythrocyte preparations.2, Either sheep or rabbit 
blood diluted with Alsever’s solution (18) was used as 
The blood was not used for 


2 The authors wish to thank the Eli Lilly Co. for the 
various preparations of insulin. 
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more than one week and was kept at 5° C while not in 
use. 

Complement preparations. Dried or fresh frozen 
guinea pig serum was used as the source of complement. 
All dilutions of complement were made with 0.9 per cent 
saline. Fresh guinea pig serum was separated from 
clotted blood within four to five hours after bleeding. 
The clot was allowed to shrink at room temperature. 
The serum was quick frozen at — 80° C in an alcohol-dry 
ice bath and stored at — 35° to — 40° C. Fresh frozen 
guinea pig serum treated in this manner, retained full 
hemolytic activity for at least six months. 

Isotonic phosphate buffer. One part of 0.219 M 
Na,HPO, was added to four parts of 0.219 M NaH,PO, 
to make up a stock solution of ionic strength of 0.3 
(twice isotonicity) at pH between 7.35 to 7.4. This 
stock phosphate buffer was diluted with an equal volume 
of H,O to prepare isotonic phosphate buffer. 

Insulin preparations. The insulin used in these ex- 
periments was derived from either of two lots: Lot No. 
535664 or Lot No. 466368. Lot No. 535664 consisted of a 
preparation of zinc crystalline beef insulin which as- 
sayed 27 units per milligram. Lot No. 466368 repre- 
sented a special trypsin-treated insulin prepared from 
beef. It probably contained small amounts of trypsin and 
possibly some other proteins; however, it was free of 
glucagon (hyperglycemic factor) activity. 

The insulin was dissolved in a small volume of 0.005 N 
NaOH and then diluted to the desired volume with iso- 
tonic phosphate buffer, pH 7.35 to 7.4. All stock solu- 
tions contained one milligram per milliliter. The solu- 
tions were stored at 5° C when not in use. No insulin 
solutions were used after three days from the time they 
were prepared. 

Immunization. The antigen was prepared by suspend- 
ing 50 mg. of crystalline zinc insulin in 10 ml. of saline 
to which was added 0.5 ml. of 1 per cent alum (KAISO,). 
Enough 1 N NaOH was then added to the preparation 
to make it just faintly acid to hydronium ion paper. 

Adult white rabbits of either sex weighing between 3 
and 4 kilograms were injected in the marginal ear vein 
with alum-precipitated insulin. In order to prevent hy- 
poglycemia, 25 ml. of 40 per cent glucose was given sub- 
cutaneously in the nape of the neck immediately follow- 
ing the insulin injection. 

All of the collected sera were inactivated at 56° C for 
30 minutes and then absorbed with an equal volume of 
washed, packed sheep erythrocytes. These rabbit anti- 
sera were stored at — 35° C until they were tested. 

Preparation of insulin conjugated erythrocytes. A mix- 
ture of saline and insulin solution (1 mg. in 1 ml.) was 
prepared by adding 1.2 ml. of saline to 2.4 ml. of insulin 
solution. To this mixture, 0.05 ml. of washed packed 
sheep or rabbit erythrocytes were added. One-half mil- 
liliter of BDB, diluted 1/15 with isotonic phosphate buf- 
fer pH 7.4, was then added to this cell suspension. With 
the addition of the phosphate buffer the BDB turned 
from a pale yellow to a deep reddish-brown. The sus- 
pension of cells, saline, insulin, and BDB was then gently 
mixed, allowed to stand at room temperature for ten 
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minutes, and centrifuged at 1700 rpm for five minutes. 
The supernatant was decanted, and the cells were sus- 
pended in 3.5 ml. of 1/100 NRS. The insulin sensitized 
cells were then re-centrifuged at 1700 rpm, the super- 
natant again decanted, and the cells resuspended in 2.5 ml. 
of 1/100 NRS. 

There was no hemoglobin in these supernatants. Mi- 
croscopically the cells appeared as bi-concave discs; no 
ghosts or evidence of agglutination could be observed. 
The insulin sensitized BDB erythrocytes could be used 
for hemagglutination and hemolytic reactions for a pe- 
riod of at least five hours after preparation. 

It was necessary to determine the optimal ratio of 
BDB to insulin for the sensitization of the erythrocytes. 
When excess insulin was used, the cells were not ag- 
glutinated by the insulin antisera. If too little in- 
sulin was used, agglutination and lysis occurred after the 
addition of BDB to the cell suspension. The ratio of 
BDB to protein used in sensitizing the red cells was de- 
pendent upon the particular protein involved (19). There 
was little variation of this ratio, however, when differ- 
ent batches of BDB were used with the same protein. 

Preservatives, such as phenols, and amino acids such 
as glycine, when present in the reaction mixture may 
interfere with the conjugation of protein to the red cell 
surface (19). It is believed that such compounds react 
with BDB and thereby prevent the conjugation of pro- 
tein to the erythrocyte surface by BDB (19). 

The detection of insulin antibodies by hemagglutination. 
Two series of doubling dilutions of each test antiserum 
ranging from 1/10 to 1/5120 were prepared in 10 x 75 
mm. test tubes, with 1/100 NRS as the diluent in a final 
volume of 0.5 ml. To the experimental series 10 ug. of 
insulin in 0.1 ml. was added to each test tube and to the 
controls 0.1 ml. of saline was added to each test tube. 
After mixing, 0.05 ml. of insulin conjugated erythro- 
cytes was added to all the test tubes, thus making a final 
volume of 0.65 ml. Controls containing 0.05 ml. of a 
2 per cent suspension of washed, unsensitized erythro- 
cytes and 0.6 ml. of a 1/10 dilution of antiserum were 
run in duplicate at all times. All tubes were shaken in 
order to disperse the cells evenly and allowed to stand 
for 3 to 4 hours. Precautions were taken not to disturb 
the cells while they were settling. 

Agglutination was determined by the pattern of sen- 
sitized erythrocytes at the bottom of the tube. In the 
absence of agglutination, a discrete button of red cells 
was observed. Slight agglutination resulted in the forma- 
tion of a halo surrounding a central film. Positive ag- 
glutination resulted in an evenly distributed sheet of 
erythrocytes. When agglutination was maximal, this 
sheet was wrinkled and folded. It is important that the 
test tubes used (10 X 75 mm.) be uniform and that they 
do not have distorted bottoms. A detailed description and 
photograph of these reactions has been presented else- 
where (7). Arbitrary criteria for the presence of anti- 
bodies were established as follows: 

1. The agglutination of insulin-sensitized erythrocytes 
by the test antiserum. 
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2. Agglutination was inhibited when the test antiserum 
was preincubated with crystalline insulin. 

3. The absence of agglutination of non-sensitized eryth- 
rocytes by the test antiserum. 

The titre of any given insulin antiserum was designated 
as the highest dilution in which there was definite evidence 
that agglutination had taken place. 

The hemolytic titration of insulin antiserum. As in 
the agglutination titration, serial dilutions of antiserum 
were prepared in duplicate. To one series was added 
insulin (10g. in 0.1 ml.) and to the second, saline. 
These serial dilutions were cooled to 0° C in an ice 
bath, and 0.5 ml. of 1/10 guinea pig serum, diluted with 
saline, was added, thus increasing the volume to 1.1 ml. 
To each tube 0.15 ml. of insulin-conjugated erythrocytes 
was then added, bringing the final volume to 1.25 ml. The 
cells were then evenly dispersed by shaking, incubated 
at 37° C for 30 minutes, centrifuged at 1700 rpm for 10 
minutes and the supernatant decanted and saved. The 
relative amounts of hemoglobin released into the super- 
natants were measured quantitatively with the Beckman 
spectrophotometer at a wave length of 576 ms. The 
Lowry and Bessey microadaptation (20) of the Beckman 
spectrophotometer was used. All of the samples were 
read against water. The magnitude of the blank from 
non-specific hemolysis varied with different batches of 
complement. No corrections for this non-specific hemoly- 
sis were made in this study. However, it was subse- 
quently learned that the non-specific hemolysis could be 
reduced considerably if the guinea pig serum was previ- 
ously absorbed with sheep erythrocytes, as described in 
the following paper (16). 


TABLE I 
The appearance of antibodies to insulin in adult white rabbits 


No. of days before 
appearance of 
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No. of antibodies to 
injections insulin 
alum- Volume First 
recipi- of each After After observed 
Rabbit tated injection first last titre of 
No. lin ml. injection injection antiserum 
R-1 5 0.2 19 9 1 80 
R-2 5 0.2 19 9 0 
R-3 5 0.2 19 9 0 
R-9 7 0.3 14 2 0 
R-10 9 0.3 61 8 19t 0 
R-13 3 0.5 8 2 0 
R-14 6 0.5 16 3 1 320 
R-15 5 0.5 11 3 1 40 
R-18 10 0.5 130 2 1 640 
4N3 9 0.5 131 2 1 160 
4M0 8 0.5 131 3 1 20 
A-1 6 0.5 126 96 1 40 
A-2 7 0.5 66 10 1 20 
A-3 7 0.5 64 8 1 640 
A-4 7 0.5 66 «610 1 160 
A-5 7 0.5 202 7 1 1280 
A-6 9 0.5 202 7 1 160 


* Each ml. of alum-precipitated insulin contained 5 mg. 
of insulin. Prior to immunization the anti-insulin titre 


in all rabbits was zero. 
+ R-10 was tested both 8 and 19 days after the last 
injection—on both of these occasions the serum titre was 0. 


When the concentration of hemoglobin was plotted 
against the antiserum dilutions, two curves were ob- 
tained (Figure 2) ; one corresponding to the dilutions of 
antiserum with which saline was preincubated, and the 
other to those where 10g. of insulin was preincubated. 
Consequently it was possible to estimate the degree of 
inhibition of lysis of insulin-sensitized erythrocytes at 
any given dilution of antiserum. This information was 
essential in determining the dilution of antiserum required 
in running a standard curve for assaying insulin as de- 
scribed in a later section on the insulin assay. 

Ring and precipitin reactions. The ring reaction was 
performed as described by Boyd (21). Various concen- 
trations of insulin in buffer were carefully laid over the 
antiserum in a capillary tube. The tubes were kept at 
room temperature for 12 to 24 hours, and observed for 
the appearance of an interphasic precipitate. 

The precipitin reaction was carried out in 10 X 100 mm. 
glass tubes. One-tenth milliliter of varying concentrations 
of insulin was mixed with 0.1 ml. antiserum and 0.1 ml. 
of saline. The tubes were then incubated at 37°C for 1 
and 1/2 hours and placed in the refrigerator overnight, 
and observed for the appearance of turbidity or pre- 
cipitate. 


RESULTS 
Characteristics of rabbit antibodies to insulin 


The production of insulin antibodies required a 
minimal dose of antigen (2.5 mg. of alum-precipi- 
tated insulin in 0.5 ml.) given 6 to 10 times for a 
period varying from 16 to 202 days. In Table I, 
the first five animals received a dose of less than 
0.5 ml. (2.5 mg.) of alum-precipitated insulin per 
injection. Only one of these animals produced 
antibodies. The remaining twelve animals re- 
ceived 0.5 ml. (2.5 mg.) of an alum-precipitated 
insulin per injection. Eleven of these animals 
developed antibodies to insulin. The one animal 
which did not, died following the third injection. 
In the eleven animals which produced antibodies 
to insulin, a minimum of 5 and a maximum of 10 
injections were required. 

In the majority of animals the antibodies to in- 
sulin appeared approximately 2 to 6 months after 
the first injection of antigen. It is possible that 
antibodies not detectable by the methods em- 
ployed may have been produced sooner. 

Since a large amount of glucose was adminis- 
tered following each injection of antigen, the in- 
jections were spread over a period of two to three 
months. In this way, the rabbits were exposed 
to less trauma per unit time, and the risk of in- 
fection was decreased. 


fi 


A specific anamnestic response was observed in 
all rabbits which had previously developed anti- 
bodies. In two animals a single injection of alum- 
precipitated insulin was followed by a rise of the 
anti-insulin titre to a peak in seven to nine days 
(Figure 1). The antibody titre then decreased to 
1/10 within 4 months. Alum-precipitated insulin 
injected at subsequent intervals of two months 
elicited progressively higher anti-insulin titres. 
This occurred despite the fact that the anti-insulin 
titre had returned to very low levels before each 
of the subsequent injections (Figure 1). 

It appears, therefore, that repeated intravenous 
injections of adequate amounts of alum-precipi- 
tated insulin over a sufficiently long period of time 
can consistently elicit antibodies to insulin in the 
rabbit. 

It was possible to separate the antibodies from 
the remaining serum proteins by the method of 
Nicol and Deutsch (22), in which the antibody- 
rich gamma globulin fraction plus some traces of 
beta globulin are precipitated from a diluted serum. 
Seventy per cent of the antibody activity was re- 
covered in the gamma globulin fraction which 
represented about 10 per cent of the total serum 
proteins. 


Ring and precipitin reactions 


Rabbit antiserum (4 MO.) which had a titre of 
1/80,000, and other lowered titred sera were stud- 
ied. The concentration of crystalline beef insulin 
employed ranged from 38 to 300 micrograms per 
milliliter. It was realized that even 38 micrograms 
might constitute excess antigen for these antisera 
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and soluble, undetectable antigen-antibody com- 
plexes might result. However, insufficient anti- 
serum was available for a more systematic study 
of the precipitability of these antisera with smaller 
amounts of antigen. All reactions were negative. 


Attempts to produce skin sensitivity to insulin 


Franklin and Lowell (23) produced skin sensi- 
tivity to insulin in intensively immunized rabbits. 
A number of rabbits possessing high hemagglu- 
tination titres (1/640 to 1/80,000) were injected 
intradermally with 20 micrograms of insulin. 
Other normal rabbits were injected in several sites 
with 0.1 ml. of antiserum 4 MO. (titre 1/80,000). 
Twenty-four hours later, these same areas were 
injected with insulin (20 to 100 micrograms). 
As controls in both actively and passively immu- 
nized rabbits, equivalent concentrations of bovine 
gamma globulin were injected into other skin sites 
previously infiltrated with the anti-insulin serum. 
All reactions were negative. 


The detection of insulin antibodies in diabetic 
patients 


The results presented in Table II were obtained 
by using insulin-sensitized rabbit erythrocytes. 
The insulin-sensitized rabbit erythrocytes were 
used because they were agglutinated at higher dilu- 
tions of antiserum than the insulin sensitized sheep 
erythrocytes (19). 

The sera of 23 diabetic patients were tested by 
the hemagglutination technique for insulin anti- 
bodies. The sera of eleven of the 23 diabetics con- 
tained antibodies to insulin. Seven patients re- 
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TABLE II 
Antibodies to insulin in diabetic patients * 


inhibition 
me: Antibody with 10 ug. 
Patients Units/day titre insulin Comments 


Patients whose 
sera contained 
antibodies to 
insulin. 


OP 


Patients with 
questionable 
presence of 
antibodies. 


1/32 
1/16 
1/16 


Diet only 
40 


Patients whose 
sera did not 
contain anti- 
bodies to 
insulin. 

Diet only 
No insulin 
No insulin 
New diabetic 


0 
0 
0 
0 
/ 
0 
0 
0 
0 


Re 


* The authors wish to thank the following persons who 
raciously made available the sera of the diabetic patients: 
Br. James Craig of the Department of Medicine, Western 
Reserve University, Cleveland, Ohio; Dr. E. Perry Mc- 
Cullagh, Cleveland Clinic; Dr. Mary Loveless, N. Y. Hos- 
pital, New York City; Dr. Bernard Charms of Mount 
Sinai Hospital, Cleveland, Ohio. 


ceived 120 to 2000 units of insulin per day. Anti- 
bodies to insulin were found in the sera of each of 
these seven patients. Four other patients who had 
antibodies to insulin received 70 to 90 units of in- 
sulin per day. Antibodies to insulin were not de- 
tected in nine of the patients. Four of these had 
never received insulin. One patient in whom anti- 
bodies were not detected received 100 units of in- 
sulin per day. The presence of antibodies in the 
sera of the remaining three patients was question- 
able. 


Insulin assay 


Where a semi-quantitative and rapid estimate of 
insulin content was desired, the hemagglutination 
method was used. Known amounts of insulin 


8 This method has been used previously in this labora- 
tory (8) for determining the concentration of egg albu- 
min in egg white and the amount of diphtheria toxin or 
toxoid remaining in the supernatant in the quantitative 
flocculation reaction with antitoxin. 


were preincubated with each of several serial dilu- 
tions of a single insulin antiserum. In the control, 
saline was preincubated with identical dilutions of 
the same antiserum. The methods and materials 
used in this case were the same as described for 
the hemagglutination titration of an antiserum 
earlier in this paper. 

The antiserum titre was decreased as increasing 
amounts of insulin were preincubated with the 
antiserum. Because this method was only semi- 
quantitative and the end point of agglutination was 
to a large extent subjective, the parameters of the 
method were not investigated thoroughly. 

Therefore, it was decided to investigate an im- 
mune hemolysis method for assaying insulin. 
It was found that the amount of lysis of insulin- 
sensitized erythrocytes by a given dilution of anti- 
serum varied inversely as the logarithm of the 
amount of insulin preincubated with the antiserum 
(Figure 3). 

The methods and materials including final vol- 
ume used in the hemolytic assay were the same as 
in the hemolytic titration as described earlier in 
this paper. The dilution of any given antiserum 
used in the assay was determined first by doing a 
hemolytic titration (Figure 2). Those dilutions 
where the inhibition of lysis of insulin-sensitized 
cells was maximal when 10 #g. of insulin was pre- 
incubated with the antiserum, were used in estab- 
lishing standard curves for the antiserum involved 
(Figure 2). Various amounts of insulin in equal 
volumes (0.1 ml.) were preincubated with a given 
dilution of antiserum prior to the addition of com- 
plement and insulin-sensitized erythrocytes. The 
amount of hemoglobin released into the super- 
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natant (within certain limits) diminished as a 
straight line function of the log of the amount of 
insulin preincubated (Figure 3). As the dilution 
of antiserum was increased, the standard curve 
shifted to the left. Consequently, the sensitivity 
of the method was dependent upon the dilution of 
the antiserum. 

In Figure 3, typical standard curves of fifty 
times and two hundred fifty times diluted insulin 
antiserum are presented. When 1 to 10 #g. of in- 
sulin were preincubated with the 1/50 (rabbit 4 
MO.) antiserum, the inhibition of lysis of insulin- 
sensitized erythrocytes was linear. When 0.2 
to 5 pg. of insulin were preincubated with the same 
antiserum diluted 1/250, the curve was also linear. 
Samples containing between 1 and 10 yg. of in- 
sulin in 0.1 ml. were assayed using the fifty times 
diluted antiserum. Those containing below a mi- 
crogram of insulin were assayed with 1/250 dilu- 
tion of antiserum. There was about a fifteen per 
cent error when duplicates of the same point of 
the standard curve were run. 

Complement was used in excess (0.5 ml. of 
1/10 guinea pig serum) so that the amount of 
antibody not bound by insulin during preincuba- 
tion and hence available for hemolysis was the only 
limiting factor. The factors limiting the sensitivity 
of the assay are discussed below. Thus far the as- 
say has been applied only to the measurement of 
insulin in solution. 


DISCUSSION 


Previous evidence (12-15) indicates that insu- 
lin is weakly antigenic. By use of serological 
methods antibodies to insulin could not be demon- 
strated in all immunized animals. Even by use 
of highly sensitive methods such as anaphylaxis 
(24) insulin antibodies have not been detected in 
all immunized animals. Nor have insulin anti- 
bodies been demonstrated in all insulin-resistant 
diabetics (25).* 

Borduas and Grabar (6) and Stavitsky (7) 
have presented evidence for the superior sensi- 
tivity of the hemagglutination compared to other 


Since the completion of this study Moloney and 
Coval (26) have presented new evidence for the anti- 
genicity of insulin. Insulin-neutralizing antibodies for 
insulin were induced in guinea pigs and in sheep by in- 
jections of insulin in Freund’s adjuvant. Mice were ren- 
dered diabetic by injection of guinea pig anti-insulin 
serum. 
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serological and immunological methods. With 
these techniques insulin antibodies were demon- 
strated in virtually every immunized animal and in 
seven patients requiring 120 to 2000 units of in- 
sulin daily. 

The sera of rabbits immunized with alum-pre- 
cipitated crystalline beef insulin exhibited many 
properties of in vivo and in vitro antigen-antibody 
reactions. These antisera agglutinated insulin- 
conjugated rabbit or sheep erythrocytes. This 
agglutination was inhibited by preincubation of 
insulin with these antisera. The insulin antisera 
did not agglutinate non-sensitized sheep or rabbit 
erythrocytes. The antiserum lyzed insulin-sensi- 
tized red cells in the presence of complement. This 
hemolysis was inhibited by preincubation of insulin 
with the antiserum. The insulin antibodies were 
found in the gamma globulin fraction of the rabbit 
serum.’ An anamnestic response to a single in- 
jection of insulin was elicited in rabbits which were 
previously immunized. In the next paper (16) 
data are presented concerning the serological 
cross-reactivity of insulins from various species, 
the neutralization of the physiological effects of 
insulin, and the specificity of the insulin anti- 
bodies produced in the rabbit. 

The failure to observe ring and precipitin reac- 
tions with the sera of intensively immunized rab- 
bits may be explained in one or two ways. First, 
the antibodies may not have been present in 
amounts sufficient to form visible aggregates with 
the amounts (38 to 300 micrograms) of antigen 
employed. This is a good possibility since even 
38 micrograms may constitute a large excess of 
antigen for all but potent antisera. Therefore, 
when larger amounts of serum are available they 
should be tested for precipitins with amounts of 
insulin from 0.1 to 2 or 3 micrograms using 1 ml. 
samples of serum, and allowing the tests to re- 
main in the refrigerator for a week before centri- 
fuging and reading. The second possibility is that 
there may have been produced antibodies of a 
type which could be detected by the hemagglutina- 
tion and hemolytic but not by the ring and precipi- 


5 Since the completion of this study Sehon, Kaye, 
McGarry, and Rose (27) by zone electrophoresis have 
isolated an insulin-neutralizing factor in the gamma 
globulin fraction of the serum of an insulin-resistant pa- 
tient. They did not observe precipitin reactions between 
this serum or fraction and insulin. 
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tation methods. This is considered unlikely since 
it has been found (19) that non-precipitating anti- 
bodies do not hemagglutinate red cells treated with 
the homologous protein. 

In view of the ability to demonstrate insulin 
antibodies in immunized rabbits and insulin-re- 
sistant diabetics, it is important to learn whether 
these antibodies affect the physiological action 
of endogenous or injected insulin. Berne and 
Wallerstein (25) have reviewed the work from 
many laboratories and concluded that the pres- 
ence or absence of antibodies in insulin-allergic 
or insulin-resistant patients was not correlated 
with the degree of allergic response or re- 
sistance to insulin. However, insulin-neutraliz- 
ing substances have been demonstrated in the se- 
rum of insulin-resistant patients and immunized 
rabbits. Lowell (28) using the blood sugar curve 
method in mice, has shown the presence of insulin- 
neutralizing substances in the blood of insulin-re- 
sistant diabetics. Recently, Marsh and Haugaard 
(29) observed a significant decrease in the amount 
of insulin that combined with a diaphragm prepa- 
ration when the insulin was preincubated with 
sera from normal diabetic patients. They at- 
tributed this to substances in serum which com- 
bine with or inactivate insulin. Serum from in- 
sulin-resistant patients contained greatly increased 
amounts of these substances compared to nor- 
mal, and non-resistant diabetics. We have evi- 
dence (16) indicating that the serum of insulin-im- 
munized rabbits can neutralize the physiological 
effects of insulin as tested by the mouse convul- 
sion method. 

It may be significant that all seven patients who 
required between 120 and 2,000 units of insulin 
per day had antibodies to insulin. However, it is 
not known whether the presence of antibodies ac- 
counted for the high daily requirement or whether 
the antibodies resulted from the daily injection of 
large amounts of insulin. 

The hemagglutination method may facilitate the 
study of the immunological aspects of insulin re- 
sistance. However, it is probable that only anti- 
bodies uncombined with insulin can be detected. 
Therefore, in patients exhibiting low titres it may 
be necessary to withdraw insulin for several days 
before antibodies become apparent. 

With the hemagglutination and hemolytic meth- 
ods it has been possible to detect 0.1 microgram of 
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insulin in solution. It is felt that with further 
work, the assay can be made more sensitive. The 
biological methods have been able to detect as 
little as 0.001 microgram of insulin. 

Anderson, Linder, and Sutton (2) was able to 
measure 0.02 milliunits (about 0.001 ng.) using 
adrenal demedullated, alloxan diabetic, hypo- 
physectomized rats. Bornstein (3) using hypo- 
physectomized, alloxan diabetic, and adrenalecto- 
mized rats has been able to detect 0.05 milliunits 
(about 0.002 yg.). Groen, Kamminga, Wille- 
brands, and Blickman (4) assayed insulin by its 
effect on the glucose utilization of the isolated rat 
diaphragm. They presented evidence in rough 
agreement with Anderson, Linder, Sutton, and 
Bornstein as to the level of insulin in serum. 

The biological methods do not measure insulin 
itself, but only its effects. Therefore, these assays 
are useful in measuring insulin in samples which 
do not contain any substances that affect glucose 
metabolism. Unfortunately, many tissues and bio- 
logical fluids may contain substances, such as 
adrenaline and hormones of the adenohypophysis 
which do affect glucose metabolism. These meth- 
ods also show considerable biological variation and 
require a large number of experimental procedures 
and statistical analysis to establish their validity 
and reliability. 

The reliability of the immunological assay of 
insulin depends particularly upon the specificity 
of the antiserum. In the following paper (16) 
evidence is presented for the specificity of the rab- 
bit antibodies for insulin itself, and for the im- 
munological similarity of insulins from various 
species. Therefore, the hemolytic method employ- 
ing rabbit antiserum to beef insulin is probably 
applicable to the measurement of insulin from 
various species. 

The sensitivity of the immune hemolysis assay 
for insulin is dependent upon the dilution of anti- 
serum employed. This is limited, because as the 
dilution of the antiserum increases, the curve be- 
comes flattened and consequently the error greater. 
The assay of insulin by this method is also limited 
by a high non-specific lysis of erythrocytes. This 
non-specific lysis is dependent upon a heat labile 
substance in guinea pig serum which, in the pres- 
ence of complement, causes the lysis of both non- 
sensitized and insulin-conjugated sheep erythro- 
cytes. It appears that this substance is similar in 
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many respects to properdin recently described by 
Pillemer and his associates (30). Studies on the 
removal of properdin from guinea pig serum with 
sheep erythrocyte stromata will be presented else- 
where (31). The effect of properdin on the hemo- 
lytic assay of proteins is being investigated. 

It is not known at present whether the hemo- 
lytic assay will distinguish between physiologically 
active and inactive insulin. Also unknown is the 
applicability of the assay to the measurement of 
insulin in tissues and fluids. 


SUMMARY 


1. Methods are presented for the conjugation of 
insulin to sheep erythrocytes, with bis-diazo- 
benzidine. 

2. Antibodies to insulin can be consistently de- 
tected in rabbits using hemagglutination or he- 
molysis of the insulin-conjugated sheep erythro- 
cytes as an end point. 

3. Repeated intravenous injections of adequate 
amounts of alum-precipitated insulin over a suffi- 
ciently long period of time can consistently elicit 
antibodies to insulin in the rabbit. 

4. Evidence is presented for the suggestion that 
the hemagglutination of insulin-conjugated eryth- 
rocytes by the sera of diabetic patients may be of 
value for future study of the immunological as- 
pects of insulin resistance. 

5. Methods are presented for the assay of mi- 
crogram quantities of insulin in pure solutions. 
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EVIDENCE FOR THE INSULIN-DIRECTED SPECIFICITY OF 
RABBIT ANTI-INSULIN SERUM? 


By EDWARD R. ARQUILLA anp ABRAM B. STAVITSKY 2 


(From the Departments of Anatomy and Microbiology, School of Medicine, Western Reserve 


In the previous paper (2) a method was de- 
scribed for the immunological assay of microgram 
quantities of insulin. This method employed the 
reaction between rabbit antiserum to insulin and 
sheep erythrocytes conjugated with insulin. How- 
ever, the applicability of the method to the meas- 
urement of insulin is obviously dependent upon 
the insulin-directed specificity of the antiserum 
which is employed in the assay. Therefore, the 
present experiments were designed to determine 
the specificity of rabbit antisera to crystalline beef 
insulin. In order to establish this specificity an- 
swers were sought to these questions: 1) To what 
extent will the insulin antisera react with contami- 
nants that may be present in the crystalline beef 
insulin used for immunization? 2) Will these anti- 
sera react with proteins derived from beef plasma 
and other sources? 3) To what extent will the 
antisera to beef insulin react with insulin from 
other species? 4) Will the antisera interfere with 
the physiological action of insulin? 

Previous investigators have provided much 
information on some of these points. Lewis (3) 
and Barral and Roux (4) have shown that purified 
insulin is a different antigen from those in serum 
or crude extracts of pancreas. The immunological 
similarity of insulin prepared from several species 
has been demonstrated by Lewis (3) and also by 
Wasserman and Mirsky (5). Using the Schultz- 
Dale technique, Lewis (3) showed that guinea 
pigs can be sensitized with insulin from one species 
and shocked with insulin from another species. 
Wasserman and Mirsky (5) confirmed this in sen- 
sitization and complement fixation experiments. 
However, these experiments were qualitative in 
nature. Furthermore, the insulin preparations 


1 This study was supported in part by a grant from the 
Eli Lilly Co. A preliminary report of this work was pre- 
sented before the American Association of Anatomists 
in Philadelphia in the Spring of 1955 (1). 

2 This study was conducted in part during the tenure of 
an Established Investigatorship from the American Heart 
Association. 


University, Cleveland, O.) 
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employed were less pure than those used in the 
present study. 

The ability of insulin antibodies to neutralize the 
physiological action of insulin has been demon- 
strated by Lowell (6), Banting, Franks, and 
Gairns (7) and Marsh and Haugaard (8). Re- 
cently, Moloney and Coval (9), using insulin 
neutralization techniques, have demonstrated the 
immunological similarity of crystalline insulin 
from several species. He was also able to pro- 
duce diabetes in the mouse by the intravenous in- 
jection of guinea pig antiserum to insulin. 

The present experiments were performed with 
rabbit insulin antisera. The hemolysis-inhibition 
method described in the previous paper (2) was 
employed in testing the specificity of these anti- 
sera, because this is the method which is proposed 
for the assay of insulin. 

The evidence obtained indicates that these anti- 
sera are highly specific for insulin per se. The 
results also show that these antisera cross-react 
to a great extent with insulin from four species. 
Evidence for the interference of rabbit insulin 
antiserum with the physiological action of insulin 
in mice is also presented. 


MATERIALS AND METHODS 
Antigens 


Crystalline beef insulin (lot No. 535664). This is a 
sample which contains 27 units per mg. There is some 
hyperglycemic factor present in the preparation. This 
sample was used as the antigen in preparing the antisera 
(2). 

Trypsinized crystalline beef insulin (lot No. 466368) .8 
This sample contains no hyperglycemic activity and as- 
sayed at 27 units per mg. It probably contains traces 
of trypsin. 

Human insulin4 This sample contained cresol as 
preservative and assayed at 11 units per ml. 


3 We wish to thank the Eli Lilly Co. for the beef in- 
sulin samples, the bovine glucagon, and the crude extract 
of beef pancreas. 

4 We wish to thank the Connaught Research Labora- 
tories for the solution of human insulin. 
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The “A” components of sheep, pork, and beef insulin. 
Using the counter-current distribution technique Har- 
fenist and Craig (10) have been able to separate sup- 
posedly homogeneous insulin samples into two com- 
ponents, A and B, with distinctly different partition ra- 
tios. The material recovered from each peak was crystal- 
line and both of about equal biological activity. The only 
difference between the A and B components is that the 
former contains six amide groups whereas the latter 
contains only five. These “A” components of sheep, beef, 
and pork insulin were prepared by Harfenist and Craig 
and graciously presented to us. 

Crude extract of beef pancreas. This preparation was 
assayed by the mouse convulsion method and contained 
0.5 units of insulin per mg. of dry weight. 

Bovine glucagon. This is a highly purified preparation 
of crystalline glucagon (hyperglycemic factor). 

Other proteins. Bovine gamma globulin lot No. C904 
(Armour Co.) is fraction I] of bovine plasma. Bovine 
albumin lot No. L11705 (Armour Co.) is fraction V of 
bovine plasma. Egg albumin lot No. E90115 (Armour 
Co.) is a 3 times recrystallized preparation. Human 
gamma globulin ® from plasma is fraction II, 1, 2, which 
was prepared by the Cohn method IX (11). Human 
serum albumin® from plasma is fraction V which was 
prepared by the Cohn method VI (12). 

Insulin conjugated erythrocytes. The preparation of 
these cells, including the conjugating agent, bis-diazo- 
benzidine, was described in the previous paper (2). 


Sera 


Rabbit sera were employed as a source of diluent for 
the antiserum as well as of antibodies to insulin and egg 
albumin. The insulin antisera were produced in adult 
white rabbits using alum-precipitated beef insulin (lot 
No.. 535664), as described in the previous paper (2). 
The egg albumin antisera were prepared as previously 
described (13). 

The preparation of absorbed guinea pig serum (source 
of complement). The sensitivity of the methods for the 
hemolysis titration of insulin antiserum and the hemo- 
lytic assay for insulin as described in the previous paper 
(2) was limited by the high background due to non- 
specific hemolysis of the sheep erythrocytes by guinea pig 
serum. It was observed in our laboratories and inde- 
pendently by Brumfield and Ross (14) that guinea pig 
serum in high concentration causes hemolysis of either 
insulin-conjugated or non-conjugated sheep erythrocytes. 
For instance, about 0.06 ml. of pooled guinea pig serum 
is capable of causing complete hemolysis of 0.1 ml. of a 
2 per cent suspension of nonsensitized sheep erythrocytes 
in a final volume of 0.6 ml. In order to avoid this non- 
specific hemolysis the guinea pig serum used as the 
source of complement is absorbed with an equal volume of 
washed packed sheep erythrocytes for 1 hour at 10°C. 


5 We wish to thank Drs. Louis E. Pillemer and Irwin 
Lepow for the preparations of human gamma globulin 
and human serum albumin. 
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After absorption the complement titre decreases about 
20 per cent probably because it is diluted during the ab- 
sorption. The factor responsible for the nonspecific he- 
molysis is decreased from 16 units per ml. (0.06 ml. 
guinea pig serum to 0.1 ml. erythrocytes) to less than 2 
units per ml. Evidence indicating that this factor is 
properdin has been presented in another paper (15). 

Titration of antiserum by hemolysis inhibition. In 
testing the specificity of the insulin antisera against 
various substances the method for the hemolytic titration 
of rabbit antiserum to insulin which has been described 
in the previous paper (2) was used. Serial dilutions of 
a given rabbit antiserum were prepared in 1/100 normal 
rabbit serum. In the control serial dilutions, saline 
(0.1 ml.) was preincubated with each dilution. In the 
experimental serial dilutions the test material in 0.1 ml. 
was preincubated with each dilution. The amount of 
hemolysis of the insulin conjugated erythrocytes at each 
dilution in the control set of serial dilutions was compared 
with the amount of hemolysis obtained in each dilution 
of the experimental sets of serial dilutions. In this way 
it was possible to determine to what extent any given 
protein or insulin sample reacted with the antiserum. 
The ability of the test protein or insulin to react with the 
rabbit antiserum to crystalline beef insulin was mani- 
fested by the extent to which hemolysis was inhibited. 

The neutralization of insulin by rabbit antiserum in the 
mouse. The ability of mice to remain clinging to a wire 
mesh after they had been injected with insulin (lot No. 
535664) which had been mixed with either rabbit anti- 
serum or normal rabbit serum, was used to test the ca- 
pability of antiserum to neutralize the insulin. 

The mice were injected with 0.4 ug. of crystalline beef 
insulin per gram body weight, which was equivalent to 
0.1 unit per gram body weight. The insulin was pre- 
incubated with either insulin antiserum or normal rabbit 
serum for more than 5 minutes but less than 15 minutes 
prior to injecting the mice with the mixture of serum 
and insulin. The preincubation mixture consisted of a 
ratio of 2 ml. of serum to 0.5 ml. of insulin solution con- 
taining 100 micrograms of insulin. One ml. of this mix- 
ture was equivalent to 1.04 units of insulin. The mice 
were selected at random for the control and experimental 
group using a table of random numbers from Snedecor 
(16). The mice were injected intraperitoneally with 1 
ml. (per 10 grams body weight) of the mixture contain- 
ing either antiserum and insulin or normal rabbit serum 
and insulin. They were then placed on a \ inch wire 
mesh screen which was inclined at an angle of 70 de- 
grees. The length of time they remained clinging to the 
screen was noted. 


RESULTS 


Reactions between rabbit insulin antiserum and 
other pancreatic proteins 


Glucagon. Glucagon, which is a known con- 
taminant of crystalline insulin preparations, was 
tested in two systems to determine whether in- 
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SPECIFICITY OF RABBIT INSULIN ANTI-SERUM 


hibition of hemolysis was associated with a specific 
reaction between glucagon and an antibody in the 
insulin antiserum. Egg albumin sensitized cells 
and rabbit egg albumin antiserum were employed 
in the control system. To insure the presence of 
sufficient antigen to react with antibody to glu- 
cagon in the insulin antiserum, hemolysis-inhibi- 
tion by 100 pg. of beef glucagon was compared 
with that by 10 yg. of crystalline beef insulin. 

Addition of glucagon caused the same small 
decrease of hemolysis in both the insulin and egg 
albumin systems as the addition of saline (Figure 
1), indicating non-specific inhibition of hemolysis 
rather than a reaction of glucagon with antibody. 
On the other hand, 10 yg. of insulin were con- 
siderably more effective than 100 pg. of glucagon 
in specifically decreasing the hemolysis in the in- 
sulin system. 


THE CROSSREACTION BETWEEN BEEF GLUCAGON 
AND ANTISERUM TO BEEF INSULIN. 
RABBIT EGG ALBUMIN ANTISERUM (371) 
VS EGG ALBUMIN- ERYTHROCYTES 


RABBIT INSULIN ANTISERUM (&-5) 
VS INSULIN-ERYTHROCYTES 
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LOG OF THE RECIPROCAL OF THE ANTISERA DILUTIONS. 


Ficure 1 


Crude bovine pancreatic extract. If the rabbit 
insulin serum is indeed specific for insulin per se, 
it should react only with the insulin that is present 
in a crude fraction of pancreas. Therefore, the 
ability of 100 yg. of crude pancreatic extract (con- 
taining 0.5 units of insulin per mg. dry weight) to 
react with insulin antiserum, was compared with 
that of 1.8,g. crystalline insulin containing an 
equivalent number of units. These calculations 
were based on the unitage of crystalline beef insu- 
lin (27 units per mg.). 

The inhibition of hemolysis was comparable 
when either the crude pancreatic extract or the 
crystalline insulin was preincubated with the rabbit 
insulin antiserum (Figure 2). If contaminants of 
insulin had combined with the antiserum, inhibi- 
tion of hemolysis by the pancreatic extract should 
have been much greater than that observed with 
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THE REACTION OF RABBIT (A-3) ANTI-INSULIN 
SERUM WITH CRUDE BEEF PANCREATIC EXTRACT 
AND CRYSTALLINE BEEF INSULIN. 


PREINCUBATED WITH 
SALINE. 
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RECIPROCAL OF RABBIT (a-3) ANTI-INSULIN SERUM 
Ficure 2 


an equivalent number of units of crystalline insu- 
lin. Therefore, with this method antibodies to bo- 
vine pancreatic contaminants of insulin could not 
be detected in rabbit antiserum to crystalline beef 
insulin. 


Reactions between insulin antisera and foreign 
proteins 


Experiments were designed to detect reactions 
between rabbit insulin antisera and any of the 
following proteins: egg albumin, human serum 
albumin, human gamma globulin, bovine serum 
albumin, and bovine gamma globulin (Table I). 

The titration curve obtained when each of these 
proteins was preincubated with the insulin anti- 
serum was very similar to that obtained when 
saline was preincubated with the same dilutions of 
antiserum. On the other hand, there was a 
marked inhibition of hemolysis of the insulin-con- 
jugated erythrocytes by preincubation of crystal- 
line insulin with the antiserum (Table I). 

There was, therefore, no observable reaction be- 


TABLE I 


THE CROSSREACTIVITY OF RABBIT ANTI-INSULIN SERUM 
WITH PROTEINS OTHER THAN INSULIN. 


DILUTIONS OF INSULIN ANTISERUM 

encincueaten wits] | Yeo | ‘00 | ‘Xoo | 
THE ANTISERUM 
PER CENT HEMOLYSIS OF INSULIN-ERYTHROCYTES 

0.1 mi SALINE 92 80 56 30 18 
EGG ALBUMIN 88 80 52 29 16 
HUMAN SERUM ALB. 87 78 51 22 17 
HUMAN GAMMA GLOB!} 868 8i 57 33 20 
BOVINE SERUM ALS. 87 84 57 33 20 
BOVINE GAMMA GLOB.| 92 88 60 36 20 
INSULIN LOT “53 19 18 14 it 10 
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TABLE II 
‘THE REACTION OF RABBIT ANTI — INSULIN SERUM WITH INSULIN FROM VARIOUS SPECIES 
PERCENT HEMOLYSIS 
INSULIN CONJUGATED CRYSTALLINE EGG ALBUMIN 
INSULIN (TEN MICROGRAMS) SHEEP ERYTHROCYTES CONJUGATED a ERYTHROCYTES 
PREINCUBATED WITH THE ANTI 
SERA RABBIT (4MO) RABBIT 371 
INSULIN ANTISERUM EGG ALBUMIN ANTISERUM 
7s 180 300 600 400 800 1600 3200 
IMSULIN — LOT NO, 539564 18 4 " 100 10 
INSULIN — LOT NO, 446368 1s “4 13 13 100 92 s 8 
INSULIN (PORK) —(A) COMPONENT] 16 12 12 " 100 100 SA 8 
INSULIN (SHEEP) — (A) COMPONENT] 14 13 " 10 100 48 
INSULIN (BEEF) —(A) COMPONENT] 12 1s " 12 100 % 60 12 
INSULIN (HUMAN) 2 4 12 100 38 a8 


tween the insulin antiserum and five proteins other 
than insulin, two of which were bovine in origin as 
was the insulin used to immunize the rabbits. 


The cross-reactivity of rabbit insulin antiserum 
with highly purified samples of insulin from 
various species 


Various insulin preparations were preincubated 
with rabbit insulin antisera before the addition of 


CROSS REACTIONS OF RABBIT ANTI BEEF INSULIN 
SERUM (LILLY'S CRYSTALLINE ZINC) WITH SHEEP 
ERYTHROCYTES CONJUGATED WITH THE “A” COMPONENT 
OF INSULIN PREPARED BY COUNTER CURRENT DIFFUSION. 


SHEEP ERYTHROCYTES CONJUGATED] SHEEP ERYTHROCYTES CONJUGATED 

WITH LILLY'S CRYSTALLINE WITH "A" COMPONENT SHEEP INSULIN 

100 BEEF INSULIN. 
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HEMOLYSIS 
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w 100- 
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RECIPROCAL OF THE RABBIT (4MO) INSULIN ANTISERUM DILUTION 


Ficure 3 


sheep erythrocytes conjugated with crystalline 
beef insulin. The degree of inhibition of hemolysis 
was very similar when any of the insulin samples 
from the various species was preincubated with 
the antiserum (Table II). The specificity of these 
reactions was checked by addition of the insulin 
samples to a control egg albumin-anti egg albumin 
system. In every case these additions did not in- 
hibit the heterologous system. 

Hemolysis of the insulin-conjugated red cells 
was inhibited to the same degree by preincubating 
the antiserum with 10 yg. of the following insulin 
samples: The highly purified “A” components of 
beef, sheep, and pork insulin or crystalline beef 
and trypsinized beef insulin. When these samples 
were incubated with the 1/75 dilution of the anti- 
serum, 12 to 19 per cent hemolysis was observed. 
When saline was preincubated with the 1/75 anti- 
serum dilution 92 per cent hemolysis was observed 
(Table II). Human insulin also inhibited he- 
molysis when preincubated with insulin antiserum. 
More hemolysis (less inhibition) was observed 
with human insulin than with an equal amount of 
any of the other insulin samples. However, an 
increased hemolysis of egg albumin conjugated 
erythrocytes, greater than that seen with egg al- 
bumin antiserum dilutions preincubated with sa- 
line, also observed when human insulin was tested 
in the egg albumin system. This non-specific he- 
molysis of the erythrocytes may have been the 
result of the cresol present in the human insulin 
solution (Table II). 

The extent to which insulin antisera hemolyzed 
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erythrocytes conjugated with “A” components of serum it is, therefore, desirable to demonstrate the 
insulin was also tested (Figure 3). Cross-inhibi- im vivo neutralization of insulin by the antiserum. 
tion experiments, in which these ““A” components Solutions of rabbit insulin antiserum incubated 
of sheep, pork, beef insulin, and crystalline with insulin at room temperature prolonged the 
beef insulin were preincubated with the insulin length of time mice could maintain their body 
antiserum, were simultaneously performed. Fig- weight on an inclined screen as compared with 
ure 3 demonstrates the similarity of the hemolytic solutions of normal rabbit serum incubated with 

titration curves obtained when rabbit insulin anti- insulin under the same conditions (Figure 4). 
serum was mixed with erythrocytes conjugated Insulin was mixed with normal rabbit serum or 
. with “A” components of sheep, pork, or beef in- antiserum not less than five minutes or longer than 
sulin. The “A” components of beef insulin in- 15 minutes before these solutions were injected 
hibited the hemolysis of cells conjugated with intraperitoneally into mice. Ninety-eight experi- 
sheep, pork, or beef insulin. The “A” component mental mice were injected with the mixture of 
of sheep insulin inhibited the hemolysis of red antiserum and insulin and forty-nine control mice 
conjugated with sheep insulin. The “A” com- were injected with the mixture of normal rabbit 
ponent of pork insulin inhibited the hemolysis of serum and insulin. The mice injected with a mix- 
cells conjugated with beef and pork insulin. Thus, ture of antiserum and insulin remained clinging to 
it is apparent that rabbit antiserum against crystal- the screen significantly (p — 0.0004) longer than 
line beef insulin cross-reacts to a high degree with the mice injected with the mixture of normal rab- 

the “A” components of sheep, pork, and beef bit serum and insulin. 

insulin. Mice which were injected with a mixture of in- 
sulin and normal rabbit serum which had incubated 
The neutralization of insulin by rabbit insulin a+ room temperature longer than 15 minutes were 
antisera in the mouse able to hang on to the screen significantly (p — 
Insulin may be measured and characterized by 9.04) longer than those mice which were injected 
its physiological action, i.e., the lowering of blood with a mixture of insulin and antiserum which had 
sugar and the subsequent production of insulin been incubated a comparable length of time (Fig- 
shock. In the characterization of any insulin anti- ure 5). 


INSULIN ANTISERUM PROTECTION AGAINST INSULIN 
IN THE MOUSE. 


EXPERIMENTAL 
° ANTISERUM + INSULIN 
CONTROLS 49 MICE 
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= al © 
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THE EFFECT OF THE INCUBATION TIME OF INSULIN WITH RABBIT 
INSULIN ANTISERUM OR NORMAL RABBIT SERUM ON 
NEUTRALIZATION OF INSULIN HYPOGLYCEMIC REACTION IN THE MOUSE. 
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(CONTROL ) 
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MINUTES FROM TIME SOLUTIONS WERE MIXED TO TIME OF INJECTION. 
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MIXTURE 


INDICATES MICE WHICH WERE 
STILL CLINGING TO SCREEN 
2 HRS AFTER INJECTION 


Fricure 5 


DISCUSSION 


Using the hemolytic titration of rabbit insulin 
antiserum, as described in the previous paper (2), 
evidence has been obtained that the rabbit anti- 
sera to insulin are highly specific for insulin: 1) 
There was no observable reaction with foreign 
proteins. 2) There was little if any reaction with 
antigens from bovine serum or bovine pancreas. 
3) The antisera reacted quantitatively with only 
the insulin in a crude extract of pancreas. 4) 
The insulin-induced hypoglycemic reaction was de- 
layed by the rabbit insulin antisera in the mouse. 

The hemolytic method was used to test the 
specificity of these antisera since it is the method 
which is proposed for the assay of insulin. It is 
not known whether these rabbit antisera to insu- 
lin would have reacted so specifically had other 
immunological or serological techniques been em- 
ployed in testing their specificity. 

Lewis (3), Wasserman and Mirsky (5), and 
Moloney and Coval (9) using different techniques 
were able to demonstrate the immunological simi- 
larity of insulin from various species. In the 
present study there was a great degree of cross- 
reaction between the rabbit antisera to crystalline 
beef insulin and the highly purified “A” com- 
ponents of sheep, beef and pork insulin. How- 
ever, these results do not mean that insulins from 
various species are identical. These results are in 
accord with the finding by Sanger (17) that in- 
sulin preparations from ox, sheep and pork are 


very similar but not identical in amino acid 
composition. 

Whether these antisera will react with the en- 
dogenous insulin in the various species tested is 
difficult to predict. There does not seem to be any 
indication that the antibodies produced by the 
rabbit in any way reacted with the endogenous 
insulin of the rabbit. Repeated glucose tolerances 
and periodic blood glucose determinations of the 
rabbits in various phases of immunization were 
consistently normal. This has also been observed 
by Moloney and Coval (9) in sheep and guinea 
pigs. Moloney and Coval have also presented 
evidence (9) that guinea pig antisera to crystal- 
line pork insulin will react with “altered” pork, 
sheep, ox, rabbit and guinea pig insulin. These 
antisera also react with endogenous mouse insulin 
but not with endogenous guinea pig insulin. 

It is possible, therefore, that endogenous insu- 
lin may be species specific and that in the course 
of purification this species specificity is lost. This 
would have significant bearing on the application 
of the immunological assay of insulin and is cur- 
rently being investigated. 

The neutralization of insulin by immune sera 
has been reported previously (6-9). However, 
in the present study the antiserum delayed the 
hypoglycemic action of insulin only when mixed 
with insulin for less than fifteen minutes. Under 
these conditions, the immune serum neutralized 
insulin rapidly compared to normal rabbit serum. 
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SPECIFICITY OF RABBIT INSULIN ANTI-SERUM 


Mice injected with solutions of normal rabbit se- 
rum and insulin mixed longer than 15 minutes 
clung to the screen longer than those mice which 
which were injected with solutions of immune rab- 
bit serum and insulin which had been incubated 
longer than 15 minutes. Mice injected with solu- 
tions of insulin and normal rabbit serum incubated 
longer than 15 minutes clung to the screen longer 
than mice injected with the same solutions which 
were incubated less than 15 minutes. Therefore, 
normal serum alone delayed the hypoglycemic ac- 
tion of insulin when mixed with insulin longer 
than 15 minutes at room temperature. This de- 
layed inhibition of insulin was not observed when 
the immune serum was incubated with the insulin 
at room temperature longer than 15 minutes. 

Explanation of the transitory nature of the neu- 
tralization of the immune serum on insulin by dis- 
sociation of the antibody antigen complex is pres- 
ently without basis since no evidence of dissocia- 
tion was noted in vitro by the hemagglutination 
or hemolytic methods. 

The action of the normal rabbit serum (heated 
at 56°C for 30 minutes) on insulin is also difficult 
to explain; whether the insulin is destroyed or 
neutralized in some way by the normal rabbit se- 
rum is unknown. 

The transitory neutralization of insulin by rab- 
bit antiserum and the effect of normal rabbit se- 
rum on insulin have not been previously described. 
Therefore, it is not known to what extent these 
phenomena apply to the sera of other species, es- 
pecially man. Certainly, if they apply to human 
sera, failure to take them into consideration might 
lead to erroneous conclusions. 

On the basis of these observations, the hemo- 
lytic method employing rabbit antiserum to in- 
sulin appears to be specific and sensitive enough 
for the assay of insulin in biological fluids and 
tissues. This application is, therefore, being cur- 
rently investigated. 


SUMMARY 


1. As tested by the immune hemolysis method, 
rabbit antisera to alum precipitated crystalline bo- 
vine insulin were highly specific for insulin. 

2. These antisera cross-reacted to very marked 
degree with trypsinized beef insulin, human in- 
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sulin, and the “A” components of sheep, pork and 
beef insulin. 

3. As compared with normal rabbit serum, the 
rabbit insulin antisera significantly delayed the hy- 
poglycemic action of insulin only when mixed 
with insulin for less than 15 minutes. Normal se- 
rum alone delayed the hypoglycemic action of in- 
sulin when mixed with insulin longer than 15 
minutes. 

4. In view of the evidence presented the applica- 
tion of these antisera to the assay of insulin in 
mixtures of proteins was suggested. 
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A STUDY OF THE RELATIVE BINDING CAPACITY OF PLASMA 


PROTEINS, INTACT HUMAN RED CELLS, AND HUMAN 
RED CELL STROMA FOR RADIOACTIVE I-131 


LABELED L-THYROXINE 
By K. R. CRISPELL anp JOSEPH COLEMAN 1} 


(From the Department of Internal Medicine, University of Virginia School of Medicine, 


Previous studies (1-3) have demonstrated the 
binding properties of serum protein for L-thyrox- 
ine and to a lesser extent for L-triiodothyronine. 
Previous studies from our laboratory (4) have 
shown that human red cells also have a binding 
or assimilating capacity for L-thyroxine and 
L-triiodothyronine. 

The purpose of this paper is to present further 
information on the binding of L-thyroxine and 
L-triiodothyronine by human red cells. We will 
also present studies on the binding of these two 
substances by human red cell stroma, and the rela- 
tive binding capacity for plasma proteins and 
human intact red cells. 


METHODS AND MATERIALS 


Whole blood, drawn with a heparinized syringe from 
healthy volunteers, was centrifuged in 15-ml. test tubes 
at 1500 rpm for 20 minutes. (The centrifuge radius was 
18 cm. and the radial acceleration was 453 g’s.) The 
plasma was drawn off and normal saline solution added 
to the tubes containing the packed red cells. These 
were then gently mixed and recentrifuged as before. 
The supernatant was again drawn off and the wash pro- 
cedure repeated once more, the packed cells remaining 
being termed “washed red cells.” In each washing suffi- 
cient normal saline solution was added to fill a 15 x 125 
mm. test tube containing about 6 ml. of packed cells. 

Test tubes containing 2 ml. of the radioactive stand- 
ard, I-131-labeled sodium L-thyroxine or I-131-labeled 
sodium L-triiodothyronine, were set up and the amount 
of radioactivity of each in counts per minutes was de- 
termined in a well type (Nuclear R) scintillation counter. 
The standard was prepared by diluting 1 ml. of the radio- 
active L-thyroxine or L-triiodothyronine? 1: 1000 with 
normal saline solution. This preparation is dissolved in 
50 per cent propylene glycol. Aliquots of this dilution 
were then diluted from 2 to 100 times for the final stand- 
ard depending on the amount of decay. This resulted 
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in there being between 1.0 X 10* to 5.0 X 10° micrograms 
of hormone in 2 ml. of the standard. Two ml. of the 
washed cells were then added to each tube containing the 
precounted standard. These were gently mixed and in- 
cubated for 30 minutes at 37°C. After the incubation, 
normal saline solution was added to the tubes, the tubes 
gently mixed, centrifuged, and the supernatant drawn 
off. This procedure was repeated once more and the 
remaining 2 ml. of packed cells counted in a well 
counter. This counting rate was expressed as a per- 
centage of the counting rate of the corresponding 2 ml. 
of radioactive standard. This percentage was termed 
the percentage uptake by the red cell. 

After this procedure, 2 ml. of fresh human plasma was 
added to the same 2 ml. of red cells used for the uptake; 
the tubes gently mixed and incubated for 30 minutes 
at 37°C. The mixture was then centrifuged and the 
plasma drawn off. Following this the cells were washed 
twice with normal saline solution as after the uptake 
procedure. The counting rate at the end of this incuba- 
tion and washing was then expressed as a percentage of 
the counting rate at the end of the uptake study. This 
was the percentage of the labeled material originally with 
the cell that remained with it after incubation with fresh 
plasma. The procedure was then repeated once more 
with another 2 ml. of fresh plasma to determine if fur- 
ther radioactivity could be removed from the cells. The 
variation in recovery of radioactivity as a function of the 
amount of plasma added was determined by preparing 
a series of eight tubes containing 0.0 to 0.50 ml. of plasma 
and made up to a volume of 2 ml. with normal saline 
solution. The contents of these tubes were then added 
to the cells remaining from the uptake study, gently 
mixed, incubated, and the washings repeated as above. 
The percentage of the radioactivity remaining with the 
red cells subtracted from one hundred gave the per- 
centage of radioactivity with the cell recoverable by the 
plasma-saline mixtures. 

Varying amounts of stable L-thyroxine were dissolved 
in 0.02 M NaOH solution so that each 0.1 ml. of the 
final solutions would contain the following micrograms 
of L-thyroxine: 2.5, 5, 10, 15, 20, 30, 50 and 100. 
Human fresh plasma (1.0 ml.) was then incubated with 
0.1 ml. of each of the above solutions for 30 minutes at 
37°C. Then 0.1 ml. of this “incubated” plasma was 
added to the radioactive L-thyroxine and L-triiodothyro- 
nine and allowed to stand for 15 minutes. Two ml. of 
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washed human red cells were added to each tube and the 
uptake by the red cells of the radioactive labeled ma- 
terial determined as described previously (4). A con- 
trol study was also carried out using 0.1 ml. of 0.02 M 
NaOH solution. 

The uptake by twenty-one-day old refrigerated human 
washed red cells of radioactive labeled L-thyroxine and 
L-triiodothyronine was also carried out. 

Human red cells were washed with a 0.02 M sodium 
fluoride solution allowing the sodium fluoride solution 
to remain in contact with the red cells for at least 30 
minutes before centrifugation. The uptake by these cells 
for radioactive I-131 labeled L-thyroxine and L-triiodo- 
thyronine was determined in the usual manner. 

The uptake by the human red cells of radioactive 
labeled L-thyroxine and L-triiodothyronine was carried 
out at the following temperatures: 0°, 5°, 15°, 25°, 30°, 
and 37° Centigrade. 

Red cell stroma was prepared according to the method 
of Tishkoff, Robscheit-Robbins, and Whipple (5) who 
used a modification of the method of Ballentine (6). The 
uptake and recovery for the stroma was done much like 
that of the cells. Two ml. of the stroma suspension was 
suspended in 2 ml. of previously counted radioactive 
standard and incubated for 30 minutes at 37°C. In the 
case where human fresh plasma was added it was simply 
added to the radioactive standard solutions and allowed 
to stand for 15 minutes at 37°C before the stroma was 
added and incubated. After incubation the stroma was 
then washed twice with normal saline solution as in the 
cell study. Applicator sticks were used to resuspend the 
stroma after each centrifugation. This introduces a 
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negligible error as no radioactivity remained with the ap- 
plicator. The stroma was then counted after the last 
centrifugation and this expressed as the per cent uptake 
as in the cell study. 

Recovery was done as in the cell study by the resus- 
pension of the stroma (used for the uptake studies) in 2 
ml. of fresh human plasma. Again applicator sticks 
had to be used to suspend the stroma. The recovery sus- 
pensions were incubated for 30 minutes at 37°C, washed 
twice as above, and recounted. The recovery was ex- 
pressed as in the red cell study as a percentage of the 
count with the stroma at the end of the uptake study. 


RESULTS 


The average uptake by the washed human red 
cells of radioactive labeled L-thyroxine was 59 
per cent (range 45 to 66 per cent) and for L-tri- 
iodothyronine was 75 per cent (range 68 to 80 
per cent). It is to be emphasized again that by 
uptake is meant the per cent of radioactivity re- 
maining with the red cells which cannot be re- 
moved by washing with normal saline. After in- 
cubation of the red cells (which have been used in 
the uptake study) with fresh human plasma for 
30 minutes at 37°C all but 10 per cent (range 8 to 
12 per cent) of radioactivity can be removed from 
the cells that had been previously incubated with 
radioactive L-thyroxine and all but 22 per cent 
(range 18 to 26 per cent) of the radioactivity from 
the cells previously incubated with radioactive 
L-triiodothyronine. Further incubation with 
fresh human plasma reduces the residual radioac- 
tivity to 3 per cent (range 2 to 6 per cent) for 
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the L-thyroxine incubated cells and to 8 per cent 
for L-triiodothyronine incubated cells. The re- 
covery bars in Figure 1 indicate the percentage of 
previously retained radioactivity which now re- 
mains with the cells after one or two incubations 
with fresh human plasma (Figure 1). 

The amount of radioactivity recovered from the 
tagged cells was increased as the amount of hu- 
man fresh plasma with which they were incubated 
was increased from 0 to 0.5 ml. Human fresh 
plasma was more effective in removing the radio- 
active tag from the cells incubated with radioac- 
tive L-thyroxine than from those cells incubated 
with L-triiodothyronine (Figure 2). Normal sa- 
line solution was again ineffective in removing the 
radioactive tag from the incubated cells. 

The findings using plasma incubated with stable 
thyroxine are plotted in Figure 3 along with the 
NaOH controls in which 0.10 ml. of 0.02 M 
NaOH was added per ml. of plasma, 0.10 ml. of 
this mixture being added to the uptake medium. 
The uptake of both I-131 sodium L-thyroxine and 
I-131 sodium triiodothyronine increases rapidly 
with previous incubation of the plasma with stable 
thyroxine. The L-triiodothyronine reached a 
plateau more rapidly (5 or 10 yg. per ml.) and 
at a higher level (53 per cent uptake) than the 
L-thyroxine (30 to 35yg. per ml. and 30 per 
cent uptake). 

The sodium fluoride treated cells and the 21- 
day-old refrigerated cells demonstrate the same 
uptake for the two compounds as do normal cells 
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provided fresh matched plasma is used with the old 
cells. Cold inhibits the uptake of both compounds 
by the cells. This decreases sharply as the tem- 
perature goes below 20°C (Figure 4). 

Human red cell stroma exhibits much the same 
uptake and recovery characteristics that the intact 
cells do. Washed stroma takes up an average of 
72 per cent (range 70 to 73 per cent) of the L-thy- 
roxine in the medium and 76 per cent (range 75 to 
78 per cent) of the L-triiodothyronine. Nal up- 
take is only 10 per cent. The addition of a smail 
amount of plasma to the medium reduces the up- 
take greatly, 0.50 ml. reducing it to 15 per cent 
in the case of L-thyroxine. Incubation with fresh 
plasma recovers all but 13 per cent (range 11 to 
14 per cent) of the L-thyroxine and 25 per cent 
(range 24 to 28 per cent) of the L-triiodothyro- 
nine originally associated with the stroma. Again 
saline alone is ineffective. The uptake and re- 
covery for the stroma is presented in Figure 5. 


DISCUSSION 


Deiss, Albright, and Larson (1-3) have dem- 
onstrated the binding properties of serum proteins 
for L-thyroxine and L-triiodothyronine by paper 
radioelectrophoresis. They have shown by both 
in vivo and in vitro experiments that both L-thy- 
roxine and L-triiodothyronine associate with a 
serum protein just ahead of the alpha-2 globulin 
zone which has been termed thyroxine-binding- 
globulin or TBG. L-thyroxine is also capable of 


! 
| 
* 
60 
39% 


76 
§ 
3 
& 
Tr 
= 
40r 2 
sis 
Y Z i 


NaI Sodium Lodide 
* No. of determinations =Z'™ L-Thyroxine 
-triiodothyronine 


Fic. 5. THe Uptake or Raproactive I-131 L-Tuy- 
ROXINE AND L-TRIIODOTHYRONINE BY RED CELL STROMA, 
THE Errect oF FrEsH HUMAN PLASMA ON THE UPTAKE 
oF L-THYROXINE, AND THE AMOUNT OF RADIOACTIVITY 
REMAINING WITH THE STROMA AFTER THE RECOVERY OF 
THE RADIOACTIVE MATERIAL BY FRESH HUMAN PLASMA 


displacing triiodothyronine from this protein in- 
dicating that the protein has a greater affinity for 
the tetraiodinated compound. This has also been 
demonstrated by Robbins and Rall (7). Fur- 
thermore, when TBG has previously been satu- 
rated with hormone, triiodothyronine trails off 
over the electrophoretic pattern with no quanti- 
tative relationship to protein indicating that it is 
not specifically bound by other serum proteins, 
while L-thyroxine is shown to associate with al- 
bumin. These workers feel this may account for 
a greater diffusibility of triiodothyronine and hence 
its more rapid disappearance from the serum. 
Previous studies from our laboratory have 
shown that human red cells also have a binding 
or assimilating capacity for L-thyroxine and L-tri- 
iodothyronine (4). In this case the affinity of the 
intact red cells seemed to be greater for the tri- 
iodinated compound. Human plasma reduces the 
uptake of both compounds greatly ; however, it is 
more effective in reducing the uptake of L-thy- 
roxine than it is of L-triiodothyronine. This may 
also explain the apparent greater uptake of the 
L-triiodothyronine. Hamolsky (8) has pre- 
sented evidence that the “uptake” by human red 
cells of L-triiodothyronine from plasma was 
greater than that of L-thyroxine. He also dem- 
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onstrated that there was a greater “uptake” of 
L-triiodothyronine by human red cells from hy- 
perthyroid plasma than from euthyroid plasma 
(8). In the present study the fact that fluoride 
ion or 21 days of cold storage have no effect on 
the cell uptake is evidence against this uptake be- 
ing directly dependent on cell respiration al- 
though the red cell is considerably more inactive 
metabolically than other body cells. Christensen, 
Riggs, and Ray (9) have found difficulty in in- 
hibiting the “uptake” of amino acids by red cells 
with enzyme poisons. Further support, however, 
that in the case of the iodinated amino acids, L-thy- 
roxine and L-triiodothyronine, the red cell uptake 
is not directly dependent on respiration is pro- 
vided by the fact that red cell stroma in which all 
respiratory and enzymatic processes are destroyed 
demonstrates much the same phenomenon. 

The fact that fresh plasma mixtures are success- 
ful in recovering both the labeled hormones from 
the cells and the stroma is further evidence that 
this uptake is an equilibrium phenomenon be- 
tween receptors for the hormones on the plasma 
proteins and receptors on the red cell, perhaps on 
the “red cell fixed framework” or stroma which is 
thought to consist of a complex structure of pro- 
tein and lipid molecules. Cold inhibition of the 
uptake is compatible with an equilibrium phe- 
nomenon. 

Evidence has been presented by Hoch and 
Lipmann (10) in experiments with liver mito- 
chondria (rat and hampster) which indicates a 
binding capacity of cellular structures for thyrox- 
ine and triiodothyronine which is not immediately 
related to its metabolic activity. They have shown 
that while 80 to 90 per cent of the added hor- 
mone in a medium surrounding the mitochondria 
will attach itself to the mitochondria, there was no 
correlation between this absorption and the meta- 
bolic effect of the hormones as they measured it. 

In the studies reported here the smaller cellular 
uptake of L-thyroxine and the more efficient re- 
covery of it by plasma as compared to L-triiodo- 
thyronine is perhaps explained on the more avid 
binding by TBG and albumin of the thyroxine. 
One will note that the uptake by the stroma of the 
two compounds is very similar. The recovery of 
radioactivity from the stroma by plasma was 
greater for thyroxine (Figure 5). The washed 
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THYROXINE BINDING BY RED CELL STROMA AND PLASMA PROTEINS 


cells may still have a small component of plasma 
with them which would explain the decreased up- 
take of L-thyroxine as compared to uptake by 
stroma. 

We are aware of the fact that we are assuming 
that the radioactivity recovered from the tagged 
red cells by the fresh plasma is still attached to 
the original label, the thyroid hormones. It is not 
in the form of inorganic iodide or it would have 
been washed away from the cell by the saline 
washings. Studies are now in progress to show 
that the recovered radioactivity is still attached to 
the original label. 

Further evidence for the role played in the up- 
take by the binding capacities of plasma for the 
two hormones is demonstrated when the plasma 
added to the medium is previously incubated with 
stable thyroxine. The increase in uptake by the 
cell of both labeled L-thyroxine and L-triiodothy- 
ronine when the plasma has been previously incu- 
bated with small amounts of stable thyroxine may 
possibly be explained on the basis of saturation of 
receptors on the plasma proteins by the stable 
thyroxine. The fact that triiodothyronine reaches 
its maximum uptake much more rapidly than thy- 
roxine can be explained on the basis of it being 
necessary to bind fewer plasma receptors (namely 
TBG alone) before triiodothyronine becomes 
fairly “unbound” to plasma protein. In the case 
of tetraiodothyronine (thyroxine) it may be neces- 
sary to saturate some albumin receptors also. 

The presence of human fresh plasma inhibits the 
uptake by the intact human red cell of radioactive 
L-thyroxine to a greater degree than it does ra- 
dioactive L-triiodothyronine (4). This could 
mean a greater binding capacity of the plasma for 
L-thyroxine or a greater binding capacity or up- 
take capacity by the intact red cell for triiodothy- 
ronine. The fact that the uptake or binding by 
the human red cell stroma is approximately equal 
(Figure 5) suggests that the above results are 
due to a greater binding capacity by human plasma 
for L-thyroxine. This is further substantiated by 
the fact that it is possible to remove approxi- 
mately twice as much L-thyroxine as L-triiodo- 
thyronine from human red cell stroma using hu- 
man fresh plasma (Figure 5). 

As stated previously Hoch and Lipmann (10) 
presented data showing that there was no corre- 
lation between metabolic effects and the amount of 
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hormone absorbed by the mitochondria. They 
also emphasize that activity of the hormone de- 
pends upon ability to permeate the cell wall, and 
suggest that triiodothyronine may be more active 
because of greater permeability of the cell wall. 
A second factor might be that the hormone is un- 
available due to binding by plasma protein. Our 
studies suggest that thyroxine would be less avail- 
able because of the strong binding properties of 
plasma for this tetra-iodinated compound com- 
pared to the tri-iodinated compound. 

It should be emphasized that these in vitro 
studies with human erythrocytes and thyroid hor- 
mones may have no in vivo counterpart. The 
amount of thyroxine found in the red cell from 
in vivo studies appears to be negligible (11). 
Studies are in progress using other types of cells 
to study the binding phenomenon of thyroid hor- 
mones. 


CONCLUSIONS 


1. The uptake or binding by the human red cell 
of radioactive I-131 labeled L-thyroxine and 
L-triiodothyronine is not inhibited by the fluoride 
ion or storage of the cells for twenty-one days but 
is inhibited by cold. 

2. Human red cell stroma was also shown to 
take up or bind radioactive I-131 labeled L-thyrox- 
ine and L-triiodothyronine. 

3. The uptake or binding of the thyroid hor- 
mones by human erythrocytes, human erythrocyte 
stroma, and human plasma appears to be a physi- 
cal chemical phenomenon not directly dependent 
on enzymatic processes of red cell respiration. 

4. The greater binding capacity of human 
plasma for L-thyroxine as compared to L-triiodo- 
thyronine was again demonstrated. 
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THE EFFECT OF ACUTE ELEVATION OF THE PLASMA CHLO- 


RIDE CONCENTRATION ON THE RENAL EXCRETION OF 
BICARBONATE DURING ACUTE RESPIRATORY 


It has been postulated recently that renal bi- 
carbonate reabsorption is entirely dependent on 
the exchange of hydrogen ions, derived from the 
dissociation of carbonic acid within the cells of the 
renal tubule, for the fixed base of filtered bicarbo- 
nate in the tubular urine (1-3). According to 
this theory, an elevation of the CO, tension of the 
extracellular fluid results in an increase in the 
rate of bicarbonate reabsorption because it leads 
to an increase in the rate of hydrogen ion 
secretion. 

Earlier studies, however, indicate that chloride 
reabsorption may interfere with bicarbonate reab- 
sorption presumably because of competition be- 
tween these two ions for some common transport 
mechanism in the proximal tubule (4). Since 
plasma pCO, was apparently within normal range 
in those experiments, it was thought of interest 
to study the effect of hyperchloremia on bicarbo- 
nate reabsorption in the presence of an elevated 
extracellular pCO,. 

Our results indicate that under these circum- 
stances the rate of bicarbonate reabsorption does 
not depend entirely on the CO, tension, but may, 
in part, depend upon the rate of chloride ion 
reabsorption. 


METHODS 


Normal adult mongrel female dogs were anesthetized 
by the intravenous administration of 0.46 to 0.62 mg. of 
sodium pentobarbital per kilogram of body weight. The 
trachea was cannulated with a “Y”-shaped glass tube, 
the two free arms of which served as inspiratory and ex- 
piratory airways by means of flutter valves. The ani- 
mals breathed spontaneously throughout the entire ex- 
periment. The abdomen was opened by a midline in- 
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cision and each ureter cannulated with a polyethylene 
tube. The abdomen was then closed by a continuous 
silk suture and the polyethylene tubes brought through 
the suture line, care being taken not to kink the ureters 
and tubes. Urine was collected directly under mineral 
oil contained in a graduated cylinder. 

During the successive periods of study, the dog breathed 
first room air, then a mixture of CO, and air containing 
10 per cent of CO.. 

The different solutions were administered at desired 
rates by means of a constant-speed Bowman pump via 
a cannulated brachial vein. As the operative procedure 
was begun, the animal was given intravenously within a 5 
to 24-minute period 400 ml. of a 0.15 molar sodium bi- 
carbonate solution containing 0.375 Gram per cent of 
creatinine. Then a sustaining infusion containing from 
0.93 Gram per cent of NaHCO, to 1.175 Gram per cent 
of NaHCO, (0.11 to 0.14 molar solution) was adminis- 
tered at rates varying between 6.4 and 18.5 ml. per min- 
ute. This infusion also contained an amount of creati- 
nine such that the dog received 15 mgm. of creatinine 
per minute. When the operative procedures were com- 
pleted, a fifteen to thirty-minute equilibration period was 
allowed. Then control determinations were made, the 
animal breathing room air and receiving the sustaining 
infusion. The dog then inhaled the air-CO, mixture and 
after thirty minutes of administration of this mixture, a 
second set of determinations was made, the dog still re- 
ceiving the same sustaining infusion as during the first 
set of determinations. Chloride loading was then ac- 
complished by the rapid administration of a priming in- 
jection of 30 to 45 ml. of a 3.33 Gram per cent of sodium 
chloride solution. The sustaining infusion was then 
changed to one containing 1.68 Gram per cent to 2.3 
Gram per cent of NaHCO, (0.2 M to 0.27 M) and 4.35 
Gram per cent to 7.6 Gram per cent of NaCl. It was de- 
livered at rates of from 3.2 to 6.4 ml. per minute. After 
thirty minutes of administration of this infusion, deter- 
minations were again made. In some experiments the 
first control period (room air breathing) was omitted. 
The exogenous creatinine clearance was taken as equal 
to the glomerular filtration rate (GFR). 

Arterial blood samples were obtained at the midpoint 
of each clearance period from a needle inserted into a 
femoral artery. The blood was collected anaerobically 
and rendered incoagulable with heparin. The pH of the 
whole blood was determined immediately on a 0.5-ml. 
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portion of the sample and the rest of the sample was de- 
livered under mineral oil into a centrifuge tube and 
centrifuged. The plasma was then immediately analyzed 
for CO, content. 

Creatinine was determined in diluted urine and pro- 
tein free filtrates of plasma by the method of Kennedy, 
Hilton, and Berliner (5). Total CO, in plasma and urine 
was determined by the manometric extraction technique 
of Van Slyke and Neill (6). The pH of the whole blood 
and urine was determined anaerobically at room tem- 
perature with a Beckman model G pH meter equipped 
with a syringe-type glass electrode. A correction factor 
(7) of 0.014 pH units per degree of difference between 
room and body temperatures was used in the calculation 
of the pH. Concentrations of bicarbonate and dissolved 
CO, were calculated from the Henderson-Hasselbalch 
equation employing a pK’ of 6.1 for carbonic acid, and an 
a equal to 0.0301 for plasma and 0.0309 for urine. The 
concentrations of sodium and potassium in plasma and 
urine were determined with an internal standard flame 
photometer. Chloride concentration in the plasma was 
determined on protein-free filtrates of plasma according 
to the method of Schales and Schales (8). A modified 
Volhard titration method (9) was used in determining 
the chloride concentrations of urine. The amount of each 
ion filtered per minute was calculated by multiplying its 
plasma concentration by the glomerular filtration rate. 
A Donnan distribution factor of 0.95 for Na* and K* and 
1.05 for Cl and HCO, was employed in this calculation. 
The rate of excretion of each ion was calculated by mul- 
tiplying its urine concentration by the urine flow. The 
rate of reabsorption of water or any ion was taken as the 
difference between its rate of filtration and its rate of ex- 


EFFECT HYPERCHLOREMIA ON BICARBONATE EXCRETION 


TABLE II 


Experiment illustrating the effect of sodium chloride infusion on the excretion and reabsorption of 
bicarbonate during acute respiratory acidasis 


483 


cretion. To facilitate the analysis and the discussion of 
the results, the amount of a given ion reabsorbed per 
liter of glomerular filtrate was also calculated by dividing 
the rate of reabsorption of that ion expressed in mEq. 
per min. by the filtration rate expressed in ml. per min. 
The concentration of each ion in the volume of water 
reabsorbed or “reabsorbate” was calculated by dividing 
the rate of reabsorption of each ion(mEq. per min.) by 
the rate of water reabsorption (ml. per min.), the re- 
sultant concentration being expressed in terms of mEq. 
per L. 


RESULTS 


Ten experiments were performed on ten ani- 
mals. The results are summarized in Table I and 
the protocol of one of these experiments is given in 
Table II. In four experiments (Nos. 1, 2, 3, and 
4) the animals were studied, first, while breathing 
room air and receiving intravenously an infusion 
containing a 0.11 molar solution of sodium bi- 
carbonate delivered at a rate of 6.4 ml. per minute, 
then while breathing the air-CO, mixture and re- 
ceiving the same infusion, and finally while con- 
tinuing to breath the same air-CO, mixture but 
receiving intravenously a 0.2 molar solution of 
NaHCO, containing 5 Gram per cent of NaCl. 
In one experiment (No. 5) the animal was studied 
initially while breathing the air-CO, mixture and 
receiving intravenously a 0.11 molar solution of 


Bicarbonate* 


Reab- Conc. 
sorbed in 


Reab- Plasma Urine 
Urine sorbate Fil- Ex- Reab- perL. reab- 
Time GFR flow’ volume HCO;s- pCO: HCO;- pCO: tered creted sorbed  filt. sorbate 
ml./ mEq./ mm, mEq./ mm. wEq./ pEq./ pEq./ mEq./ 
min, min, min, min, pH Hg pH L. Hg min. min, min. 


Dog 10, 9, 15.9 Kg., breathing room air 
prime: 400 ml. 0.375% Creatinine in 1.25% NaHCO; 
8 Begin infusion: 0.081% Creatinine in 1.175% NaHCO; at 18.5 ml. per min. 


77-81 46.8 6.25 40.5 7.644 40.2, 42 7.84 154.2 91 2,321 964 1,357 29.0 33.5 
82-86 45.4 6.87 38.5 7.61 47.2 49 7.82 146.2 90 2,252 1,004 1,248 27.5 32.4 
86 Begin inhale 10% CO: and 90% air for duration of experiment 
116-119 44.0 8.34 35.7 742 87:7 92 7.68 120.7 103 2,666 1,007 1,659 37.7 46.5 
120-123 42.1 7.0 35.1 (ae S44 92 7.69 127.7 106 2,551 894 1,657 39.4 47.2 
123.5 prime: 45 ml. of 3.33% NaCl ; 
124 Change infusion to: 0.278% Creatinine and 2.3% NaHCO; in 5% NaCl at 5.4 ml. per min. 
154-157 48.3 11.18 37.1 1.59.4; AD 2.627 1,234. 1,598 28.9: 376 
158-161 48.7 10.82 37.9 51.7% 192 136 2,644 1,171 1,473 30.2 38.9 


* See methods section for calculations of derived data. 
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NaHCO, administered at the rate of 6.4 ml. per 
minute. The chloride loading was then accom- 
plished first by the administration of a 0.2 molar 
solution of NaHCO, containing 4.35 Gram per 
cent of NaCl at the same rate, then by changing 
the infusion to a 0.2 molar solution of NaHCO, 
containing 4.0 Gram per cent of NaCl and 0.5 
Gram per cent of KCl delivered at the same rate 
of 6.4 ml. per min. Because the urine flow always 
rose sharply in these first five experiments when 
the hypertonic chloride infusion was given, an at- 
tempt was made to prevent this in the last five 
experiments (Nos. 6, 7, 8, 9, and 10) by ad- 
ministering a 0.11 to 0.14 molar solution of Na- 
HCO, at higher rates, i.e., 11 to 18.5 ml. per min. 
The chloride loading was then achieved by ad- 
ministering a 0.2 to 0.27 molar solution of Na- 
HCO, containing 5 to 7.6 Gram per cent of NaCl 
at slower rates of 3.2 or 5.4 ml. per min. In four 
of these last five experiments (Nos. 6, 7, 8, and 
9) the initial period of breathing room air was 
omitted. 

In all experiments, during chloride loading, the 
amount of chloride filtered and the amount of chlo- 
ride excreted in the urine both increased. Con- 
comitantly, moreover, the rate of chloride reab- 
sorption increased, as well as the concentration of 
chloride in the reabsorbate and the amount of chlo- 
ride reabsorbed per liter of glomerular filtrate. 

In all experiments, the load of filtered bicarbo- 
nate remained essentially unchanged during chlo- 
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ride loading, rising slightly in four experiments 
(Nos. 4, 5, 9, and 10) and decreasing slightly in 
six experiments (Nos. 1, 2, 3, 6, 7, and 8). In 
all experiments, however, whether the filtered bi- 
carbonate slightly rose or decreased, the amount 
of HCO,> excreted in the urine increased during 
chloride loading and the amount of HCO, reab- 
sorbed per liter of glomerular filtrate decreased. 

As can be seen in Table I, bicarbonate reab- 
sorption increased as the plasma pCO, rose, which 
confirms the work of other investigators (2, 3, 10). 
During chloride administration, however, there oc- 
curred a fall in the rate of bicarbonate reabsorp- 
tion and a rise in the bicarbonate excretion, de- 
spite the persistence in the elevation of the plasma 
CO, tension. Figure 1 expresses graphically the 
relationship between the plasma pCO, and the 
amount of bicarbonate reabsorbed per liter of glo- 
merular filtrate during the administration of the 
air-CO, mixture and the infusion of bicarbonate, 
both before and during chloride loading. The re- 
sults observed before chloride loading are similar 
qualitatively and quantitatively to those reported 
by Brazeau and Gilman (2) as well as Dorman, 
Sullivan, and Pitts (3). The points representing 
such clearance periods are closely grouped along 
a straight line. However, the points representing 
the relationship between plasma pCO, and the 
amount of HCO,- reabsorbed per liter of glomeru- 
lar filtrate during chloride loading are aberrant in 
their location from the first group of points. In- 
deed, during chloride administration, even at CO, 
tensions ranging between 90 and 100 mm. Hg, bi- 
carbonate reabsorption falls to between 25 and 30 
mEq. per liter of glomerular filtrate, values only 
found at CO, tensions of 35 to 50 mm. Hg before 
the chloride administration, 

Plasma potassium levels were consistently be- 
tween 1.8 and 2.8 mEq. per L. throughout all 
experiments with the exception of the final period 
of experiment No. 5 when the dog received KCI 
incorporated into the chloride infusion. Urine po- 
tassium excretion, with this latter period excepted, 
ranged between 35 and 104 Eq. per min. Both 
blood and urine values remained very steady 
throughout each experiment and potassium ex- 
cretion did not appear to be influenced either by 
elevation of CO, tensions or by the combination 
of elevated pCO, and chloride loading. 
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DISCUSSION 


The data presented above indicate that during 
acute respiratory acidosis, the renal excretion of 
bicarbonate was significantly increased by acute 
elevation of the plasma chloride concentration. 
Since the filtered load of bicarbonate remained 
essentially unchanged following the chloride in- 
fusions, the increased rate of bicarbonate excretion 
was entirely due to a reduction in the renal tubu- 
lar reabsorption of bicarbonate. This occurred 
despite a tendency for extracellular CO, tension 
to increase during the chloride loading. There 
seem to be several theoretically possible explana- 
tions for this increase in HCO,- excretion: 1) 
Chloride loading interfered with H* secretion by 
the renal tubular cells, less HCO,- was converted 
to CO, and H,O, more became available in the 
tubular fluid and was excreted as NaHCO,; 2) 
Chloride loading did not interfere either actively 
or directly with the reabsorption of HCO,~ but 
promoted an osmotic diuresis which caused more 
of the filtered HCO,- to be excreted; 3) The in- 
crease in chloride filtration and the subsequent in- 
crease in Cl- reabsorption interfered directly with 
HCO,- reabsorption; or 4) HCO,- was actively 
secreted by the tubular cells. 

It is unlikely that H* secretion was depressed 
by chloride loading in view of the fact that urine 
pH decreased and urine pCO, increased in most 
experiments following the chloride loading. The 
fall in urine pH per se, in alkaline urines such as 
these, could be explained solely by the fall in 
HCO,- concentration due to dilution (1.e., osmotic 
diuresis) since the tubules are freely permeable to 
CO,. However, the rise in urine CO, tension to 
values greater than that of the arterial plasma in 
the face of rising urine flows can best be explained 
on the basis of hydrogen ion addition to these 
urines resulting in titration of HCO,- to form ad- 
ditional carbonic acid. Such H* addition could 
come from distal tubular secretion of H* into a 
urine containing increasing amounts of HCO,-, or 
it could come from an increase in the excretion of 
acid buffers into this urine. Total buffer concen- 


tration was not measured in these experiments ; 
but the concentration of one buffer (i.e., creati- 
nine) was measured and found to decrease. It 
does not seem unreasonable, therefore, to presume 
that the concentration of other buffers would like- 
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Fic. 2. Per Cent CHANGE IN BICARBONATE CON- 
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FLow 


The points on the 100 per cent line represent control 
values observed during CO, inhalation. The open circles 
are the values obtained following the chloride loading, 
during continued CO, inhalation. The data from Wes- 
son and Anslow (12) was obtained during mannitol diu- 
resis under conditions of normal CO, tension. 


wise decrease as urine flow increased and hence 
the rise in urine pCO, appears to be the result of 
continued secretion of hydrogen ion into a highly 
alkaline urine. The decrease in HCO, reabsorp- 
tion following the chloride loading in the face of 
continued H* secretion must therefore be ex- 
plained on the basis of some other mechanism. 

It is difficult to hold that osmotic diuresis was 
responsible for the decreased reabsorption of bi- 
carbonate because in 8 of 10 experiments there was 
a fall in the concentration of bicarbonate in the 
reabsorbate following the chloride loading. This 
occurred despite marked increases in urine flow 
and decreases in reabsorbate volume in four of 
these experiments (Nos. 1, 2, 5, and 9). If it is 
allowed that there is normally no limitation to the 
concentration of HCO,- in the reabsorbate one 
would expect that under a constant rate of HCO,- 
reabsorption (11) there would be an increase in 
HCO,- concentration of the reabsorbate as the 
urine volume increases and the volume of the re- 
absorbate falls. This has been shown by Wesson 
and Anslow (12) to occur during mannitol diu- 
resis. In Figure 2 is plotted the per cent change 
in the bicarbonate concentration of the reabsorbate 
following chloride loading compared with the data 
of Wesson and Anslow (12) obtained under con- 
ditions of mannitol loading. During mannitol diu- 
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resis there is a progressive linear increase in the bi- 
carbonate concentration of the reabsorbate as 
urine flow increases, whereas following chloride 
loading in most of our experiments there is a fall 
in the bicarbonate concentration of the reabsorbate 
as urine flow increases. Since it has also been 
shown that osmotic diuresis per se does not 
particularly: increase the excretion of bicarbonate 
(13, 14) it is apparent that the increases in the 
excretion of bicarbonate and decreases in the reab- 
sorption of bicarbonate following chloride loading 
are brought about by some other mechanism. 
There remains the theoretical possibility that bi- 
carbonate may have been secreted by the tubular 
cells and that such a secretion of HCO, by the 
tubular cells may have been increased by chloride 
loading, thus accounting for the observed increase 
in excretion and apparent decrease in reabsorption 
of bicarbonate during chloride loading. It can 


only be stated in this regard that there is no di- 
rect experimental evidence that such a mechanism 
exists. 

It appears then that during acute respiratory 
acidosis an increase in the amount of chloride re- 
absorbed interferes with the reabsorption of bi- 


carbonate. This is in accord with the earlier ob- 
servations made by Pitts and Lotspeich (4) on 
animals with presumably normal CO, tensions and 
is entirely consonant with the theory that there is 
competition between these two ions for a common 
reabsorptive transport mechanism. Indeed, it was 
originally suggested by these investigators that a 
dual process of bicarbonate reabsorption existed 
whereby most of the bicarbonate filtered at the 
glomerulus was reabsorbed by a specific anion 
transport in the proximal tubule. In this schema 
some of the bicarbonate ions not reabsorbed by 
the proximal tubule were reabsorbed in the distal 
tubule by a process involving exchange of H* ions 
originating within the tubular cells for Na* ions 
derived from the tubular urine. 

It was later observed by Berliner (1) that fol- 
lowing the administration of Diamox®, the amount 
of the additional bicarbonate excreted in the urine 
was too great to be accounted for solely by the 
abolition of the distal hydrogen ion secretory mech- 
anism. Berliner therefore proposed that bicarbo- 
nate reabsorption throughout the entire renal 
tubule was dependent upon the hydrogen ion secre- 
tion mechanism. This concept was supported by 
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the recent studies of Brazeau and Gilman (2) and 
Dorman, Sullivan, and Pitts (3). Working in- 
dependently, these investigators noted that as the 
CO, tension of the extracellular fluid is raised, 
there is a concomitant linear increase in renal bi- 
carbonate reabsorption. Since, presumably, H* 
secretion by the renal tubules increases with in- 
creasing pCO,, they concluded that the increased 
rate of HCO, reabsorption could best be ex- 
plained by the assumption that the reabsorptive 
mechanism was entirely dependent upon the ex- 
change of H* ions derived from carbonic acid in 
the tubular cells for fixed base of filtered bicarbo- 
nate in the tubular urine. 

This H* — Bt exchange theory of the renal 
regulation of bicarbonate excretion however, does 
not adequately account for the reciprocal changes 
in the plasma HCO,- levels which accompany rises 
and falls in plasma Cl- levels. Indeed, it was this 
phenomenon, together with the observation that 
increased Cl- loading facilitated HCO,- excretion, 
which led Pitts and Lotspeich (4) to postulate 
specific ionic reabsorption of bicarbonate by the 
proximal tubule. Moreover, although the theory 
adequately explains the renal compensations in 
acute and chronic respiratory acidosis and alkalo- 
sis, it does not satisfactorily explain the renal com- 
pensations for metabolic acidosis and alkalosis, 
as pointed out by Brazeau and Gilman (2) as well 
as by Relman, Etsten, and Schwartz (10). One 
wonders if the main weakness of the theory does 
not lie in the assumption that HCO, reabsorption 
can only occur through H’* ion secretion. If this 
were so, one would expect that the urine pH 
would decrease as HCO,- reabsorption increases. 
That this is not the case is apparent from analysis 
of the data published to date (1-3). In fact, in 
experiments on dogs with chronic respiratory aci- 
dosis (15), it can be seen that as HCO,- reab- 
sorption increased with increasing plasma pH 
levels, the urine became more alkaline and the 
pCO, of the urine declined. 

It would appear then, that bicarbonate reab- 
sorption is not entirely due to Ht — B* exchange 
since it is possible to elicit a reciprocal relationship 
between chloride and bicarbonate reabsorption 
and to induce an increase in the reabsorption of 
one of these ions and a decrease in the reabsorp- 
tion of the other while the pCO, remains con- 
stant. Furthermore, this reciprocal relationship 


3. 
if 
° 


was observed in the presence of two factors which 
have been demonstrated both to reduce chloride 
reabsorption and to increase bicarbonate reab- 
sorption, 1.e., (a) high plasma CO, tensions (2, 
3), and (b) a probable state of potassium deple- 
tion (16, 17) resulting from the infusion of large 
amounts of sodium bicarbonate, at least as judged 
by the low plasma potassium levels. 


SUMMARY AND CONCLUSIONS 


1. In acute experiments performed on anesthe- 
tized dogs, it has been observed that : 


A. In acute respiratory acidosis, the amount of 
bicarbonate excreted in the urine decreases 
and the amount of bicarbonate reabsorbed 
increases, whereas the amount of chloride 
excreted decreases and the amount of chlo- 
ride reabsorbed decreases ; 

B. The administration of chloride during re- 
spiratory acidosis results in an increase in 
the amount of bicarbonate excreted and a de- 
crease in the amount of bicarbonate reab- 
sorbed. 


2. The phenomena observed suggest the pos- 
sibility that at least part of the reabsorption of 
bicarbonate is ionic and not dependent upon hy- 
drogen ion secretion by the tubule. This part of 
the bicarbonate reabsorption is affected by the 
reabsorption of chloride in such a manner as to 
suggest competition between the chloride and 
bicarbonate ions for a common reabsorptive trans- 
port mechanism in the tubule. 
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A progressive rise in the levels of free plasma 
17-hydroxycorticosteroids (17-OH-CS) during 
the course of pregnancy has been observed by a 
number of investigators (1-4). These findings 
are in conformity with the increase in urinary 
glucocorticoids previously reported (5). Normal 
adult concentrations have been found in the um- 
bilical vein plasma obtained from the newborn 
infant at the time of delivery (2, 6-8), but sig- 
nificantly lower levels were observed in infants 
born by cesarean section (7). 

The site of production and the nature of plasma 
17-OH-CS found in increased amounts during 
pregnancy and at delivery has not yet been eluci- 
dated. The maternal and fetal adrenals, as well 
as the placenta could be the source of C,, steroids 
with an a-ketolic side chain. A rise in plasma and 
urinary corticosteroids has been reported in preg- 
nant Addisonian patients (9, 10) which has sug- 
gested that during pregnancy an extra-adrenal 
source, namely the placenta, may be secreting such 
hormones. The prompt decrease in plasma 17- 
OH-CS in the newborn infant during the first few 
days of life (6), and the very low umbilical cord 
plasma concentrations in infants delivered by 
cesarean section (7) could be interpreted as indi- 
cating a lack of fetal production of corticosteroids. 
The rather constant ratio of 17-OH-CS in the 
maternal as compared to the umbilical cord plasma 
in cases of vaginal delivery has suggested that 
"1 This work was made possible by a Grant-in-Aid from 
the American Society of the Committee on Growth of 
the National Research Council, and by a research grant 
from the Division of Research Grants and Fellowships 
of the National Institutes of Health, United States Public 
Health Service. 

2Fellow of the National Foundation for Infantile 
Paralysis (1953-1955). Present Address: Babies Hos- 
pital, Columbia-Presbyterian Medical Center, New York, 
New York. 
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fetal levels were only the reflection of maternal 
concentrations (8). 

The present study was designed to clarify the 
role of placental transmission of free 17-OH-CS 
and to further identify the corticosteroids found in 
maternal and fetal circulations. 


METHODS 


The subjects in the present study were 33 pregnant 
females, 15 to 40 years of age. Vaginal delivery was 
performed in nine cases (Case Numbers 31 to 39). Ce- 
sarean section was deemed advisable in five cases be- 
cause of placenta previa (Case Numbers 42 and 44) or 
uterine inertia (Case Numbers 40, 41, 43). Nineteen 
patients had an “elective, repeat cesarean” (Case Num- 
bers 45 to 63), the section being performed approxi- 
mately at term and before onset of labor. The majority 
of the vaginal deliveries were conducted under systemic 
analgesia and pudendal block anesthesia. Cesarean sec- 
tions were usually accomplished with local infiltration of 
novocaine and intravenous Pentothal® anesthesia. None 
of the subjects had toxemia or complications other than 
mechanical ones necessitating a cesarean section. 

Blood samples were drawn in a heparinized syringe 
and the red cells were immediately separated from the 
plasma. The concentration of free 17-OH-CS was de- 
termined by the method of Nelson and Samuels (11). 

(A) In the vaginal series, blood was collected during 
labor, 30 minutes to 4 hours prior to delivery. In the 
cesarean group (Case Numbers 40-51) specimens were 
obtained 30 minutes preceding anesthesia. A second 
sample was drawn simultaneously from the mothers and 
infants at the time of delivery. Finally, maternal blood 
was taken between 8 and 9 A.M., on the third and some- 
times seventh postpartum day. 

(B) An intravenous infusion of 25 mg. of ACTH 
(Armour ACTHAR, lot no. J21812) * dissolved in 250 
ml. of 5 per cent dextrose in water, was administered 
over a period of six hours to seven patients scheduled 
for an “elective, repeat cesarean section” (Case Number 
52 to 58). The infusion was started at 8 A.M., after a 


3 The ACTH preparation used in this study was gen- 
erously provided by Armour Laboratories, Chicago, II- 
linois. 
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TABLE I 
Levels of 17-OH-CS in maternal and cord plasma in cases of vaginal delivery and cesarean section 


goal 
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control blood sample had been drawn, and terminated 
at the time of delivery, which took place at 2 P.M. 
Additional blood specimens were collected from the 
mother, two and four hours after the start of the infusion 
and simultaneously from the mother and the cord at 
delivery. 

(C) An intravenous infusion of hydrocortisone (Up- 
john, Cortef 0.5 per cent w/v) * dissolved in 250 ml. of 
5 per cent dextrose in water was started at 8 A.M. and 
given over a period of 30 minutes to a second group of 
5 patients (Case Numbers 59 to 63) scheduled for “elec- 
tive, repeat cesarean section.” The surgical procedure 
was begun just after the start of the infusion and de- 
livery was performed at the termination of steroid ad- 
ministration. A control blood sample was obtained from 
the mother immediately prior to this procedure; maternal 
and cord specimens were collected simultaneously at de- 
livery. Patients 59 to 61 received 50 mg. of hydrocorti- 
sone and patients 62 and 63, 100 mg. 

(D) To characterize further the free plasma 17-OH-CS 
present in the maternal and fetal circulation at the time 
of delivery, blood samples were collected, pooled and ex- 
tracted with chloroform. After evaporation the residue 
was chromatographed on Florisil columns and the 25 
per cent methanol in chloroform eluate was evaporated. 
The residue was applied to Whatman No. 2 paper and 
chromatographed in the methanol: water (55:45) /ben- 
zene system of Bush (12). The chromatograms were 
studied as previously described (13). 


4The I.V. preparation of Hydrocortisone was kindly 
supplied by the Upjohn Co., Kalamazoo, Michigan. 


(A) Table I shows the levels of free 17-OH-CS 
in maternal plasma before and at delivery, and in 
the immediate postpartum period in pregnancies 
terminated by vaginal delivery, indicated cesarean 
section, and “elective, repeat cesarean section.” 
These values are compared to the levels found in 
the umbilical vein plasma at birth. Labor gener- 
ally caused a rise in the maternal concentrations 
as evidenced by the higher predelivery values in 
the vaginal series when compared to those obtained 
in the elective cesarean group. The trauma of 
parturition also appeared to increase the levels of 
the mother. Irrespective of the method of de- 
livery, the 17-OH-CS concentration in the cord 
plasma was invariably less than that found in the 
mother (see Figures 1 and 2). Furthermore, the 
levels in the umbilical vein plasma of infants born 
by elective cesarean section were lower than those 
obtained in the other two groups of infants. 

(B) The response of maternal 17-OH-CS 
levels to ACTH administration in cases of “elec- 
tive repeat cesarean section” (see Table II) was 
similar to that observed in nonpregnant females 
(14). This is in contrast to the hyperresponsive- 
ness reported by Christy, Wallace, and Jailer (15) 


489 
Duration 
Case of 
Number Pregnancy Post Delive: 
T 
31 D.B. 26.4 38.5 10.9 25.2 
32 E.Be 41.5 18.6 14.9 
. 33 P.M. 53.0 46.0 0.2 21.5 
3h 47.5 | 27.0 | 13,0 
35 49.5 Shel 12,0 5.9 
36 41,8 56.0 16.5 16.5 
37 MM. 52.5 67.0 13.5 40.0 
71.0 76.1 65.8 30.5 
69.0 78.0 14.3 290k 
23.0 28.0 5.0 29.2 
Indicated 19.0 34.0 7.0 14,0 15.8 
31.0 47.0 22,0 53.2 | 29.7 
Cesarean - 66.0 16.5 6.4 | 14.0 : 
98.5 | 3.6 | 28.0 | 16.5 
6.8 8.6 | 0.6 | = 
Elective 14.0 20.6 43 25.0 20.3 ao 
3.6 | 21.5 | ih | 25.5 | 10.5 
10,2 32.h 9.5 
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VAGINAL DELIVERY 


17-OH-CS IN MATERNAL PLASMA 


20 30 40 i 
17-OH-CS IN CORD PLASMA 
Fic. 1. RELATIONSHIP BETWEEN 17-OH-CS LeveE ts 1n 
MATERNAL AND Corp PLASMA IN CASES OF VAGINAL 
DELIVERY 


The black circles are the values reported in the pres- 
ent paper; the black triangles are the values reported in 
a previous paper (8). 

The horizontal broken line indicates the 40 ug. level 
for maternal plasma; most values are over this line. 
The vertical broken line indicates the 10 ug. level for 
cord plasma; most cord values are higher than 10 ug. 

The full lines are indicative of a ratio maternal: cord 
value of 2:1 and 5:1. It can be seen that most values 
are situated between the two lines, demonstrating the 
existence of a concentration gradient between the ma- 
ternal and cord 17-OH-CS. 


in the third trimester of pregnancy ; however, the 
method employed by these authors was less spe- 
cific than the technique used in the present study 
and the former may be determining some steroids 
that the latter method does not. In blood speci- 
mens obtained simultaneously from the mother 
and the newborn infant at delivery, the concentra- 
tion of 17-OH-CS in the cord plasma was one-third 


CESAREAN SECTION 


17-OH-CS IN MATERNAL PLASMA 


20 30 40 
17-OH-CS IN CORD PLASMA 

Fic. 2. RELATIONSHIP BETWEEN 17-OH-CS 
MATERNAL AND Corp PLASMA IN CASES OF CESAREAN 
SECTION 

The open triangles are the cases of “indicated ce- 
sarean”; the open circles, the “elective cesareans.” The 
values of two cases reported in a previous paper (8) were 
added on the figure. It can be noted that in all the elective 
cesareans, the maternal values were lower than 40 ug. 
and those in cord blood lower than 10 ug. 


ot---- 


to one-half that found in the maternal plasma. 
These cord levels were without exception higher 
than those observed in the group delivered by 
“elective, repeat cesarean section,” not stimulated 
with ACTH. 

(C) The increase of the 17-OH-CS levels ob- 
tained in maternal and cord plasma was directly 
proportional to the amount of compound F ad- 
ministered (Table III). Although strikingly ele- 
vated, the levels in the cord plasma were invariably 
lower than the maternal values. The passage of 
hydrocortisone infused to the mother across the 
placenta to the fetus is demonstrated by comparing 


TABLE II 


Effect of ACTH administration on 17-OH-CS levels in maternal and cord plasma in cases of elective, 
repeat cesarean section 


(pee per 100 ml. plasma) 
MATERNAL 


2 P.M. 
(Deliv- 
ery) 


8 AM. 12 Noon 


(Control) 


10 AM. 
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: 100 ‘ 100 
als 
of Medication . 
Pregnancy CORD 
© 52 LD. 27 38 25 unite ACTH 30.4 50.5 71.5 61.0 30.5 
over 6 hours 
53 B,C, Lo 37 12.3 23.0 22.0 31.6 1.5 
ea Su AL. 39 39 se 15.7 30.8 | 36.0 | 3h.0 | 15.0 
ss Ba, | 26 37 5.5 | 33.0 | 38.6 | 135 
RC. | 37 14.7 23.0 | 2.0 | 36.2 | 13.7 
57 C.D. 31 38 49.3 54.5 23.0 
8 RM, 2h 38 22.5 | | | 22.7 
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TABLE III 


Effect of compound F administration on 17-OH-CS levels in maternal and cord plasma 
cases of elective, repeat cesarean section 


17-OH-CS pg. per 100 ml, 
plasma 


Maternal 


On Cpd, F 


Cord 


S.C. 


A.J. 


50 mg.IV cpd.F 
50 mg.1V cpd.F 
so mg.IV cpd.F 


100 mg.IV cpd.F 
100 mg.1V cpd.F 


178.0 
158.0 
148.0 


301.0 
326.0 


86.5 
105.0 


the 17-OH-CS levels in cord plasma in the con- 
trol group of “elective repeat cesarean sections” 
and those in the group who received compound F. 

(D) The method of Nelson and Samuels (11) 
was shown to measure mainly free plasma hydro- 
cortisone. There exists a satisfactory correlation 
between results obtained by this method and paper 
chromatographic techniques in normal individuals 
and following ACTH administration (16), as well 
as in patients undergoing surgical or medical 
stress, and in moribund individuals (13). It was 
found in the present study that the values obtained 
for 17-OH-CS by the method of Nelson and 
Samuels were in good agreement with the amount 
of compound F eluted from the paper chromato- 
gram of the corresponding extract (Table IV). A 
spot with the mobility of compound B could not 
be observed on the paper chromatograms of either 
maternal or fetal extracts. This possibly may be 
attributed to our use of methods not sufficiently 


sensitive to detect quantities of compound B less 
than 5 to 8 micrograms. 


DISCUSSION 


The role which adrenal secretion, tissue factors, 
alterations in the rate of hepatic degradation and 
conjugation, and kidney clearance, respectively, 
may play in contributing to the elevated levels of 
free plasma 17-OH-CS during pregnancy, labor 
and delivery is not known. That increased plasma 
concentrations do not necessarily reflect an in- 
crease in hormone production, is evidenced by the 
studies of corticosteroid metabolism in dying pa- 
tients (17), and in patients subjected to surgical 
procedures (18, 19). In many instances, the ma- 
ternal levels of 17-OH-CS in cases of vaginal de- 
livery were found to be higher than those observed 
after administration of a maximal dose of ACTH 
to normal, nonpregnant females; this raises the 


TABLE IV 


Comparison of the results obtained by the method of Nelson and Samuels and paper 
chromatographic techniques 


17-CH-CS 
pg./100 ml, 
(Nelson and Samuels) 


Campound F 
pe./100 al, 
(paper chromatography) 


Cord plasma 


Maternal plasma 


Vaginal delivery 


Vaginal delivery 


Cesarean section 


56.0 


21.0 


23.5 


47.6 


14.5 


18.0 


# Each sample was made up by pooling approximately equal amounts of plasma from three 
mothers or three wbilical cords, 
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61 AA. 39 17.6 
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possibility that extra adrenal factors might be a 
volved, although it has been suggested that ther 
is a hyperresponsiveness of the adrenal cortex to 
exogenous ACTH administration during the third 
trimester of pregnancy (15). 

The infusion of compound F to the mother pro- 
duced an increase in her 17-OH-CS levels as 
normally expected, but the fact that cord values 
were higher than those obtained when no steroid 
was administered strongly suggests that the pla- 
centa is permeable to compound F. It is the first 
definite demonstration that a steroid can go 
through the “placental barrier.” 

This process, however, does not appear to be 
a simple diffusion. A rather constant relationship 
was found to exist between the levels of plasma 
17-OH-CS in the mother and fetus at birth. In 
most instances, irrespective of the method of de- 
livery and whether ACTH or compound F was 
administered to the mother before delivery, the 
values in cord plasma were 20 to 50 per cent of 
those in the mother. It seems highly improbable 
that the lower levels in the infant may have been 
due to a slow equilibration between maternal and 
fetal circulations, or to a rapid destruction of 17- 
OH-CS by the fetus. Where the maternal values 
were the lowest, the ratio had a tendency to be 
smaller, and thus, it would seem that a certain 
threshold level is necessary in the maternal circu- 
lation before this transmission can occur to any 
significant extent. 

The intravenous infusion of ACTH into patients 
selected for cesarean section raised their 17- 
OH-CS levels in a usual manner, but it did not 
alter the maternal: fetal ratio. This observation 
can be explained by the fact that either ACTH 
does not cross the “placental barrier,” the fetal 
levels being merely the reflection of maternal 
17-OH-CS concentrations, or that passage across 
the placenta occurs, but the fetal adrenals do not 
respond as well as those of the mother. The first 
hypothesis seems to be more likely in view of the 
results obtained following compound F infusion. 

It would appear from this study that little or no 
17-OH-CS are produced by the fetal adrenal 
cortex, at least at the end of the third trimester of 
pregnancy. The levels in cord plasma found in 
cases of vaginal delivery seem to be conditioned 
by the high values in the mother ; in contrast, fol- 
lowing cesarean section, an apparently less stress- 
ful situation, the cord values are significantly 
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lower. These observations are consistent with the 
finding that little or no plasma 17-OH-CS are 
detectable in the first few days of life and that nor- 
mal adult levels are not achieved until after the 
first week of life (6). 

If the fetal adrenal cortex does not produce any 
corticosteroids, the placenta and/or the maternal 
adrenals appear to be the most likely sources of 
17-OH-CS in the fetal blood, although there is no 
evidence against the ovary as a source of the in- 
creased steroids. If the placenta synthesizes such 
hormones, one would have to assume from the 
data presented that the maternal side of the pla- 
centa functions differently from the fetal side. 
There are no known facts at present to suggest 
such a differentiation of the placenta but this 
possibility cannot be disregarded. 

The increase in plasma and urinary corticos- 
teroids reported in pregnant Addisonian patients 
would suggest that the maternal adrenals are not 
the only site of production of 17-OH-CS during 
pregnancy. Progesterone has been isolated from 
human placenta (20, 21) and one might wonder 
whether this steroid cannot be a precursor of the 
corticosteroids found in the pregnant Addisonian 
patients. 

In contrast to the 17-OH-CS, the 17-ketosteroid 
values in cord plasma are higher than the maternal 
levels (8, 22). Both plasma and urinary 17- 
ketosteroids of the newborn tend to fall gradually 
during the first few weeks after birth, and do not 
rise again until the onset of puberty (22). Ac- 
cordingly, the fetus would appear to be producing 
primarily 17-ketosteroids and little, if any, 17- 
OH-CS at term. 


SUMMARY 


In cases of vaginal delivery, labor increased the 
maternal level of plasma 17-OH-CS over the 
already elevated value found in the pregnant pa- 
tient at term. In addition, delivery itself had a 
tendency to further raise the level. 

The surgical trauma associated with cesarean 
section was probably responsible for the increase 
observed during that operation; the levels, how- 
ever, were not as elevated as those noted in the 
vaginal series. 

The concentrations of 17-OH-CS in cord plasma 
were approximately one-half to one-fifth of those 
of the corresponding mother in cases of vaginal 
delivery, and one-fifth, or a lesser fraction, of 
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those of mothers undergoing “elective, repeat 
cesarean section.” 

The infusion of 25 mg. of ACTH over a period 
of six hours produced a normal increase of the 
maternal levels. 

The intravenous administration of compound 
F to mothers just prior to an elective cesarean sec- 
tion demonstrated that, near the end of gestation, 
this steroid can go through the “placental barrier” 
but in a definite proportion, the maternal concen- 
tration being the determining factor. 

From the data presented, it is suggested that, at 
term, little or no 17-OH-CS are produced by 
either the fetal adrenal or the fetal side of the 
placenta. The most probable sites of biosynthesis 
of such hormones are the maternal adrenals and / 
or the maternal side of the placenta. 
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THE EFFECT OF GLUCAGON ON CARBOHYDRATE METABOLISM 
IN NORMAL HUMAN BEINGS? 


By PHILIP K. BONDY anv LEO R. CARDILLO 2 


(From the Department of Internal Medicine, Yale University School of Medicine, 
New Haven, Conn.) 


(Submitted for publication October 20, 1955; accepted January 9, 1956) 


Since the isolation of glucagon (hyperglycemic- 
glycogenolytic factor, HGF) from the pancreas 
(1, 2), and the demonstration that it is released 
in appreciable amounts into the blood stream 
(3-5), there has been much speculation about the 
possibility that diabetes mellitus may result from 
an imbalance between secretion of insulin and 
glucagon (6-8). This speculation has been given 
additional weight by the demonstration that an- 
terior pituitary growth hormone, a well established 
diabetogenic agent, causes release of a glucagon- 
like substance from the pancreas of experimental 
animals (5). The present investigation was 
undertaken to discover whether glucagon could 
produce an elevated blood glucose concentration 
with inhibition of glucose utilization, since this 
combination is usually observed in diabetic patients 
(9-11). These studies confirm and extend previ- 
ous observations (12) that glucagon does not in- 
terfere with the uptake of glucose by the peripheral 
tissues. 


METHODS 


Arterial and venous samples were obtained from 
Cournand needles inserted into the antecubital vein and 
brachial artery after local infiltration with Procaine, 
without epinephrine. After allowing several minutes to 
elapse, samples were removed from artery and vein si- 
multaneously. The interval between arterial and verious 
samples was never greater than thirty seconds. 

Blood samples for glucose analysis were collected in 
fluoride-oxalate and deproteinated within a few minutes. 
Glucose was determined in quadruplicate by the Nelson 
modification of the Somogyi technique (13), using the 
specific precautions previously described to insure maxi- 
mum reproducibility (14). 

Serum inorganic phosphorus determinations were made 


1 This investigation was supported by a research grant 
A-245 (C-3) from the National Institute of Arthritis and 
Metabolic Diseases of the National Institutes of Health, 
U. S. Public Health Service. 

2 This work represents a portion of the material pre- 
sented in satisfaction of the thesis requirement for the 
M.D. degree at the Yale University School of Medicine. 


on venous samples according to the method of Fiske and 
Subbarow (15). 

Alpha amino nitrogen content of plasma and whole 
blood was determined on venous samples according to 
the method of Frame, Russell, and Wilhelmi (16, 17). 

The concentration of blood ketone bodies was deter- 
mined on arterial samples by a modification (18) of the 
method of Greenberg and Lester (19). 

In acute experiments, three control pairs of arterio- 
venous samples were drawn and then 1.0 ml. (0.95 mg.) 
of glucagon 2 was immediately injected through the ve- 
nous Cournand needle. Samples were taken 1, 2, 3, 5, 7, 
10, and 15 minutes after the injection. A control experi- 
ment was run in two cases, by repeating the entire pro- 
cedure, substituting a slow intravenous drip of 5 per 
cent glucose in water for glucagon. The rate of ad- 
ministration of glucose was adjusted to produce an ar- 
terial glucose curve approximating that produced by glu- 
cagon. The control experiments followed the glucagon 
experiments by at least one week. 

The effect of HGF on the peripheral circulation was 
studied by following skin temperatures and finger 
plethysmographs in two volunteers for fifteen minutes 
after the injection of glucagon. The subjects rested in 
a constant temperature room at 82 degrees F. for twenty- 
four minutes before the injections. Skin temperatures 
were measured in seven locations by thermocouples; rela- 
tive blood flow was estimated by finger plethysmography, 
using the technique of Burch (20). No blood chemical 
determinations were made in these subjects. 

In a second group of subjects, 0.04 mg. per Kg. of glu- 
cagon was administered in 240 to 300 ml. of 0.9 per cent 
saline intravenously at a constant rate over the course of 
two hours. Control arterial and venous samples were 
drawn five minutes before and at the start of the glu- 
cagon infusion, and 15, 30, 60, and 120 minutes there- 
after, while the glucagon was being administered. In 


The glucagon preparation employed in these ex- 
periments, kindly supplied by Dr. W. R. Kirtley, was 
Lilly Lot number 208-158 B-214, containing 0.95 mg. per 
ml. of protein in insulin diluting fluid. The glucagon was 
approximately 50 per cent pure, based on the potency of 
crystalline glucagon (0.2 microgram per kilogram of 
body weight, injected intravenously into anesthetized 
cats, causes a maximum blood sugar rise of 30 to 40 
milligrams per cent, ten to fifteen minutes after injec- 
tion). The insulin content was between 0.005 and 0.05 
units per ml. of solution. 
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some instances another venous sample was drawn after 
the completion of the infusion. 

A third group of subjects received 200 to 300 ml. of 5 
per cent glucose by slow intravenous injection instead 
of glucagon. Conditions of this experiment were identi- 
cal to those of the second group, except that only venous 
samples were drawn. 

In most experiments of the latter two groups, hemato- 
crit determinations were made before and after the 
infusions. 

All subjects were adult males who had been eating a 
diet containing at least 250 gm. of carbohydrate daily. 
They were either entirely well or in late convalescence 
and in none was there evidence or history of any dis- 
order of carbohydrate metabolism. Experiments were 
run in the early morning, with all patients in the post- 
absorptive state. 


RESULTS 


In the acute group (Table IA), the arterial glu- 
cose concentration began to rise within one min- 
ute after the injection of glucagon in four of the 
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six subjects, and in a fifth the rise became ap- 
parent within four minutes. In one subject 
(W. P.) glucagon produced no change. 

The concentration of glucose in the vein began 
to rise at almost the same time as in the artery, 
but the rise was somewhat less steep, so that in 
most instances there was a pronounced increase of 
arterio-venous difference within two to five min- 
utes. By ten minutes there was a highly signifi- 
cant (p< .01) rise of the mean A-V glucose 
difference, and this was sustained throughout the 
experiment. There was no increase of A-V glu- 
cose difference in the single subject whose arterial 
glucose concentration failed to rise. 

When glucose was given intravenously (Table 
IB), the arterial concentration rose gradually, and 
the arterio-venous glucose also increased, in a 
manner indistinguishable from that seen after glu- 
cagon. 


TABLE I 


A. Acute effect of glucagon on the arterial an 


d venous glucose concentration of human beings 


F. M. 
65 
Old cerebral 


defective thrombosis 


63 
Old cerebral 
thrombosis 


E. K. 
74 
Old cerebral 
thrombosis 


F. K. 
25 
Normal 


56 
Old cerebral 
thrombosis 


Glucose 
concentrat 


Glucose 
concentration 


Glucose 


Minutes concentration 


Glucose 
concentration 


Glucose 
concentration 


Glucose 


ion concentration 


after 


glucagon Art. Ven. A-V . AV Art. Ven, 


A-V Art. Ven. A-V 


mg./100 ml. 


—2 
0 


145. 140 


mg./100 ml. 


Wh Uwwau 


118 105 


Glucose 


Minutes concentration 


Glucose. 
concentration 


ter 
glucose 


Clinical status. . Mentally 
mg./100 ml. me./100 ml. mg./100 ml. mg./100 ml. 
: —4 81 79 2 a 69 64 69 63 6 74 66 8 81 87 —6 
a 84 79 5 68 66 2 69 62 78 74 4 77% @2 5 87 686 1 
84 79 5 70, 72 69 74 70 4 76 68 8 87 85 
1 92 11 ia a 65 68 — 74 71 3 89 = 83 6 
2 88 84 4 90 76 14 74 69 os? to. ta 3 99 87 12 q 
3 89 —1 91 80 11 71 69 6 102 96 6 
s 106 94 12 101 94 #7 74 #71 101 90 11 87 77 10 107 100 7 
7 120 101 19 111 98 13 af 40 111 97 14 92 81 Ii 117, 196 1 y 
10 137 -119.....48 117 103 14 77—=—«74 116 103 13 96 83 13 120 115 5 : 
15 184 2 Not taken 146 134 12 
B. Effect of glucose on the arterial and venous glucose concentration Be, 
Clinical status..........Old cerebral thrombosis Normal bs : 
| 
Art. Ven. A-V Art. Ven, A-V : 
mg./100 ml. mg./100 ml, 
| | 96 91 5 96 88 
—2 85 82 3 98 87 
0 104 83 21 96 91 Be 
, 1 111 102 9 96 88 a 
2 114 103 11 103 93 
$ 3 120 104 16 106 96 
5 123 110 13 107 101 
7 130 113 17 112 107 
10 139 114 25 115 107 
15 141 119 22 125 113 
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TABLE II 
Effect of two-hour intravenous infusions of HGF on the arterial and venous glucose concentration (mg. per 100 ml.) 


45 
Cerebrovascular 
accident 


Ww. oO. F. B. 
23 45 
Normal Arteriosclerotic Convalescence from 
heart disease poliomyelitis 


Ven, 


88 


0 8 3 

15 149 128 21 135 111 24 170 
30 168 158 10 159 136 23 i 
60 162 151 11 151 144 7 
120 8 63 107 94) 13 


FA.” Not taken 


88 4 92 86 6 87 84 3 
144 26 141 116 25 154 142 12 
154 34 166 142 24 182 161 21 
180 159 21 174 167 7 

69 10 146 138 8 139 135 4 


noted in subjects D. C., W. O., F. B., and J. K. 


There were no significant changes in peripheral 
blood flow following acute glucagon injection. 

A rapid rise of arterial and venous blood glucose 
levels with an accompanying increased arterio- 
venous difference occurred during the two-hour 
glucagon infusions (Table II). In all instances 
a later decrease in glucose levels occurred while 
HGF was still being administered. Indeed in four 
of the five subjects clinical hypoglycemic reactions 
were noticed 110 to 120 minutes after the begin- 
ning of the infusions. Post-infusion venous glu- 


cose levels, in these four cases, demonstrated a 


* Post infusion venous glucose determination, drawn within 10 min. after HGF. 


TABLE III 
Serum inorganic phosphorus levels (mg. per cent) during HGF and glucose infusions 


“Hypoglycemic” reactions were 


continuing fall in all instances and definite hypo- 
glycemia in one instance. Intravenous glucose 
eliminated or ameliorated the reaction. 

Venous blood sugar curves varied considerably 
in the subjects to whom glucose was administered 
over two hours. In three, a peak was reached at 
one-half or one hour, and there was a decline of 
10 to 208 mg. per cent during the second hour, 
but in two others, levels continued to rise through- 
out the infusion. 

The arterial glucose concentration was compared 


with the A-V difference for the acute HGF groups 


Glucose 


—5 4.30 3.69 3.47 2.96 

0 4.40 3.61 3.44 2.84 

15 3.60 2.82 3.28 2.64 

30 3.10 2.81 3.23 2.59 

60 2.77 2.67 3.13 2.53 

120 2.96 2.56 3.05 2.36 

Max. decrease 1.63 1.05 .39 48 
Max. decrease % 37.0 29.1 11.4 16.9 


4.47 4.45 3.15 3.67 4.44 
4.55 4.34 3.11 3.57 — 
4.27 4.30 3.03 3.48 4.12 
4.14 4.22 2.94 3.40 3.83 
3.97 4.15 2.86 3.27 3.70 
3.86 4.07 2.78 3.16 3.54 
.27 Al .90 
15.2 6.2 10.6 11.5 20.3 


Effect of two-hour HGF intravenous infusions on blood ketones (mg. per cent acetone) 


HGF 


0.56 
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and for the two patients in whom A-V differences 
were determined after acute glucose administra- 
tion. The slopes of the lines of the HGF (b= 
.25) and glucose (b = .31) groups were very simi- 
lar (p = .40). 

Serum phosphate levels declined in every case 
during HGF or glucose infusions (Table III). In 
both groups there was a similar gradual decrease 
with the lowest value at the end of the infusion 
(D.C. of the HGF group was an exception). The 
average percentage of maximum decrease during 
the infusions was 21.9+9.7 per cent‘ in the 
HGF group and 12.4 + 5.3 per cent in the glucose 
group. 

Whole blood and plasma levels of alpha amino 
nitrogen showed a similar progressive decrease 
during HGF and glucose infusions (Table IV). 
The average percentages of maximum decrease 
noted were: 18.1 + 10.0 per cent and 20.5 + 7.5 
per cent in the HGF group, and 15.5 + 4.5 per 
cent and 16.1 + 4.9 per cent in the glucose group, 
for whole blood and plasma levels, respectively. 

Ketone body levels were determined in three 
of the subjects infused with HGF (Table III). 


The levels were not elevated initially and no sig- 
nificant changes were noted during the course of 
the infusions. 

Hematocrit levels before and after infusions 
were determined in all subjects of the HGF group 


and in two of the glucose group. In no instance 
was there a change exceeding 1 per cent. 


DISCUSSION 


The fact that glucagon raises the blood glucose 
concentration has led a number of authors to sug- 
gest that it may be diabetogenic (6-8). Transient 
hyperglycemia, however, is not diabetes. In order 
to prove that a substance is truly diabetogenic 
it is necessary to show that, in addition to raising 
the blood glucose concentration, it also inhibits 
glucose utilization, either absolutely or relative 
to the arterial glucose concentration, or that it 
causes major dislocations of the metabolic pat- 
tern associated with hyperglycemia, such as keto- 
nemia or acidosis. The present experiments were 
designed to determine whether the action of glu- 
cagon meets any of these criteria of a true dia- 
betogenic agent. 


4 Throughout this communication, statistical variability 
is expressed as the standard deviation. 
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The simplest and most convincing evidence of 
altered glucose utilization is an actual change of 
peripheral glucose oxidation. We were unable 
to investigate this question directly. Good indi- 
rect evidence can be obtained from the arterio- 
venous glucose concentrations provided that no 
changes of peripheral blood flow occur simultane- 
ously. We established that glucagon (unlike epi- 
nephrine) has no effect on peripheral blood flow. 
The arterio-venous glucose differences measured 
in these experiments are, therefore, direct reflec- 
tions of alterations of peripheral glucose utiliza- 
tion (including entry into cells, phosphorylation, 
glycogen formation, and oxidation to pyruvate or 
lactate or to carbon dioxide). The validity of the 
arterio-venous glucose difference as an index of 
carbohydrate utilization is well established (9, 21, 
22). In our studies, both intravenous glucose and 
glucagon raised the arterial blood glucose level 
and increased the arterio-venous difference in a 
parallel fashion. The relationship between arterial 
blood glucose concentration and arterio-venous 
difference after glucagon was the same as after 
glucose and closely resembles that found by So- 
mogyi after oral glucose (21). No evidence 
whatever could be found to indicate that glucagon 
reduced peripheral glucose utilization in these 
experiments. These findings are like those of 
Van Itallie, Morgan, and Dotti (12), who gave 
similar doses of HGF in saline infusions during 
one-half hour periods to normal subjects in the 
post-absorptive state. They also noted a hyper- 
glycemic effect with increased arterio (capillary)- 
venous glucose differences. When A-V differ- 
ences after glucose administration were compared 
to those after HGF, their work suggested that 
HGF may have enhanced glucose utilization 
slightly. 

A somewhat less specific index of glucose utili- 
zation is the change in serum inorganic phosphate 
after the administration of a test substance. There 
is abundant evidence that the administration of 
glucose or insulin to normal animals and human 
beings causes a decreased level of blood and serum 
inorganic phosphorus (23-26) and that this re- 
sponse is usually diminished or absent in diabetics 
(23, 24, 26). This response seems to be a func- 
tion of the disappearance of hexose from the blood 
(23, 24, 27, 28). In our experiments, the serum 
inorganic phosphate fell at least as rapidly and as 
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far after glucagon as it did after glucose. Kirtley, 
Waife, Helmer, and Peck (29) also produced a 
fall of serum phosphate in normal subjects given 
glucagon. These observations do not support 
the concept that glucagon interferes with glucose 
utilization. 

In our experiments, the plasma and whole-blood 
alpha-amino nitrogen fell during glucagon adminis- 
tration. This effect has little specific bearing on 
the rate of glucose utilization, but it is similar to 
the changes seen when glucose utilization is in- 
creased after the administration of glucose or in- 
sulin. Although glucagon reduced plasma amino 
nitrogen in normal human beings, growth hormone 
(claimed by some to act by causing a release of 
glucagon) had no such effect (30). 

The administration of glucagon failed to alter 
the blood ketone body level, although the liver 
glycogen was probably greatly depleted toward 
the end of the two-hour infusion of HGF. In this 
respect also, glucagon differs from the growth 
hormone preparations (30, 31). 

During the prolonged HGF infusions, the ar- 
terial glucose concentration uniformly reached a 
peak at 1 hour and then declined, often to such low 
levels or at so great a speed as to produce hypo- 
glycemic symptoms. The falling phase probably 
represents a combination of two factors. The hy- 
perglycemia provokes an increased secretion of 
insulin (4, 32, 33) so that disposal of the glu- 
cose into the peripheral tissues is accelerated 
(34, 35). This effect is illustrated in our pa- 
tients (J. H., W. G.) who received glucose 
alone and whose glucose concentration began 
to drop while the glucose injection was continuing. 
Since little of the glucose entering the tissues is 
later released as glycogen precursors (29) the 
liver glycogen falls steadily. In this respect, glu- 
cagon is quite different from epinephrine which 
promotes the release of lactate from the muscles, 
and inhibits the peripheral utilization of glucose, 
thus permitting the maintenance of a normal liver 
glycogen level (12, 36). Asa result of these two 
factors, liver glycogen becomes inadequate and the 
release of glucose from the liver falls behind the 
rate of peripheral disposal. To test this hypothe- 
sis, a second large dose of glucagon (.95 mg. I.V.) 
was given suddenly to a subject whose arterial 
glucose level was falling during HGF infusion. 
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The second dose of glucagon did not halt or re- 
verse the falling glucose level. 

The late hypoglycemic effect of glucagon is not 
caused by the small amount of insulin it contains, 
since the total amount of insulin received by our 
subjects could not have exceeded 1 unit in 2 hours, 
or .05 units in a single injection. Moreover, the 
late hypoglycemia can be produced simply by in- 
jecting glucose alone, without exogenous insulin. 

Our finding that glucagon does not interfere 
with the peripheral utilization of glucose in human 
beings is in agreement with most of the studies of 
other investigators using animals as_ subjects 
(37-39). 

Although there is no evidence that glucagon can 
reduce glucose utilization in vivo, it apparently can 
reduce the glycogenic effect of insulin on dia- 
phragm muscle in vitro (40, 41). The glycogen 
metabolism of ‘the diaphragm, however, is not 
characteristic of, other voluntary muscle (42), and 
the pertinence of studies of such special tissues as 
diaphragm to the over-all body metabolism is not 
clear. 


SUMMARY AND CONCLUSIONS 


Glucagon (pancreatic hyperglycemic-glycogeno- 
lytic factor) was given intravenously to normal 
human subjects. Acutely, it produced a rapid rise 
of arterial and venous blood glucose concentra- 
tions, with increased arterio-venous glucose dif- 


ferences. 
occurred. 

When given by constant intravenous infusion 
for two hours, glucagon caused a rise of both ar- 
terial and venous glucose concentrations with in- 
creasing arterio-venous glucose differences, until 
about 1 hour, after which the arterial glucose 
level fell. Toward the end of the test period hypo- 
glycemic symptoms often occurred. The falling 
glucose concentration could not be prevented by 
larger doses of glucagon. 

Over the two-hour period serum inorganic phos- 
phate and plasma and whole blood alpha amino ni- 
trogen concentrations fell steadily. There was no 
change in blood ketone body concentration. In all 
respects, the effects of HGF were similar to those 
of doses of glucose which produced comparable 
arterial glucose concentration curves, and different 
from those of growth hormone. 

These observations give no support to the con- 


No change in peripheral blood flow 


re 
- 
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cept that glucagon is diabetogenic, since no evi- 
dence was obtained of reduced glucose utilization. 
It is more likely that, in the intact organism, glu- 
cagon works synergistically with insulin to release 
glucose from the liver, thus making it available for 
the peripheral utilization which is promoted by 
insulin. 


Addendum 


Elrick, Hlad, and Witten (43) have recently found 
that the A-V glucose difference after glucagon is greater 
than during comparable hyperglycemia produced by glu- 
cose alone. These findings are somewhat at variance 
with ours, but the difference may reflect the fact that in 
Elrick, Hlad, and Witten’s studies the patients were 
heavily loaded with glucose before the administration 
of glucagon. In any case, no eivdence of inhibition of 
glucose utilization was found. 
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GASTROINTESTINAL WATER AND ELECTROLYTES. I. THE EQUILIBRATION 
OF RADIOSODIUM IN GASTROINTESTINAL CONTENTS AND 
THE PROPORTION OF EXCHANGEABLE SODIUM (Na,) 


IN THE GASTROINTESTINAL TRACT ?* 
By I. S. EDELMAN ? ann N. J. SWEET 


(From the Department of Medicine, University of California School of Medicine, and the San 


The concept of the partition of body water and 
electrolytes into two anatomical entities, extra- 
cellular and intracellular fluid, is well established. 
This is based on their fundamental differences in 
electrolyte structure (1). More refined definitions 
of water and electrolyte anatomy have become 
possible by the application of tracer dilution meth- 
ods to in vivo estimation of body water and elec- 
trolyte content (2,3). Thus, ideas on the organi- 
zation of extracellular fluid have undergone dis- 
tinct evolution in recent years. It has been pointed 
out that the equilibration properties of sodium in 
bone and of inulin and thiosulfate in dense con- 
nective tissue distinguishes the extracellular phase 
of these tissues from free interstitial fluid (4, 5). 
The proposal has also been made that the term 
transcellular fluid be applied to those extracellular 
fluids which are not in simple diffusion equilibrium 
with plasma and are probably formed as a result 
of active cellular transport mechanisms (3). This 
would include fluid in the gastrointestinal tract, 
joint spaces, synovial sacs, cerebrospinal canal, 
anterior chamber of the eye, glandular ducts and 
acini, and in the renal tubules. The physiological 
significance of transcellular fluids will depend, in 
part, on the volume of these fluids and the extent 
of exchangeability of their individual components. 

This and the three articles to follow (6-8) will 
report the results of studies on the magnitude of 
intraluminal gastrointestinal water and electrolytes 
in rabbits and humans and on the equilibration of 
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versity of California School of Medicine, San Francisco. 
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gut water and electrolytes with body water and 
electrolytes, using tracer indicators, in rabbits. 
These studies were undertaken because a) the 
gastrointestinal contents probably contribute con- 
siderably to the volume of transcellular fluid, and 
b) it has been shown that there is rapid bi-di- 
rectional transport of water and electrolytes be- 
tween blood and the intestinal lumen (9). In 
some commonly used laboratory animals, such as 
the rabbit and guinea pig, intraluminal gastroin- 
testinal water content estimated by desiccation 
methods constituted a major subdivision of body 
water (10). 

This communication presents observations on 
a) the amount of intraluminal gastrointestinal so- 
dium relative to total exchangeable sodium (Nag) 
and the extent of radiosodium exchange equilib- 
rium in gastrointestinal contents in rabbits and b) 
the amount of intraluminal gastrointestinal sodium 
in human cadavers. 


METHODS 


A. Rabbits 


Forty adult albino rabbits were studied in pairs con- 
sisting of a male and a non-gravid female. The animals 
were allowed to consume pellets and water ad libitum 
until the time of injection, or else water was allowed 
ad libitum but food was withheld for a variable period 
of time before sacrifice. The average sodium intake prior 
to fasting was 15 mEq. per day. Figures 1 and 2 de- 
pict the periods of fasting up to the time of sacrifice. 

All animals were injected intraperitoneally with 100 
to 150 microcuries of Na“Cl* from calibrated syringes. 
The injected solution was made isotonic with NaCl, 
sterilized and neutralized to pH 7.0. Isotopic purity was 
evaluated by prolonged observations of the rates of decay 
on aliquots taken from each shipment. At the time of 


radioassay there was less than 8 per cent contamination 


3 Prepared by deuteron bombardment of Na™Cl in the 
60 inch cyclotron in the Crocker Radiation Laboratory, 
University of California, Berkeley. 


a 

4 

3 
. 

4 


THE EFFECT OF SHORT FASTING PERIODS ON 
TOTAL EXCHANGEABLE SODIUM CONTENT 
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Water was allowed ad libitum. The line drawn through 
the experimental values was determined by the method 
of least squares. 


with P™. The scintillation counting technique employed, 
however, detects virtually none of this contaminant since 
P* electrons are absorbed by the shield in this system. 
Urine and stool passed during the period of isotope equi- 
libration were collected in metabolism cages. The rabbits 
were anesthetized with 2 ml. of 2 per cent Nembutal® 
administered into a dorsal ear vein 20 to 26 hours after 
injection of radiosodium and then were weighed to the 
nearest gram. Cardiac blood was drawn by puncture 
through the intact chest wall. The abdominal cavity 
was opened, and all bladder urine was aspirated and 
pooled with the cage urine. Double ligatures were placed 
at the cardia of the stomach, pylorus, ileocecal valve and 
the mid-transverse colon. The intact serosal surfaces 
were washed with distilled water and carefully dried to 
prevent contamination of the pans with blood. The rub- 
ber gloves worn by the experimenters were carefully 
washed off with distilled water. Each segment of the 
gastrointestinal tract was removed separately, opened along 
the long axis, and the contents were carefully emptied 
into distilled water-rinsed containers. The mucosal sur- 
faces were stripped as gently as possible, but a thin layer 
of mucus invariably clung to the mucosal surface. Ab- 
solute recovery of gastrointestinal contents was not at- 
tempted in order to avoid bleeding or epithelial damage. 
The evacuated contents were transferred quantitatively to 
graduated cylinders with multiple rinses using more than 
100 ml. of distilled water in every instance. The volumes 
were recorded, and aliquots were filtered through glass 
wool. Aliquots of serum, gastrointestinal contents, urine 
and stool were taken for radioactive assay and chemical 
analysis. 

One-ml. aliquots of serum, gastrointestinal contents and 
urine were plated in triplicate on filter paper, dried under 
an infra-red lamp and covered with parafilm. Three 
separate dilutions of the injected solution were each 
plated in triplicate and processed as above. Radioactivity 
assays were carried out with an aluminum-covered end- 
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window, thallium-activated sodium iodide scintillation 
counter and autoscaler. Preliminary observations re- 
vealed that self-absorption loss was not encountered up 
to twice the quantity of solids present in the experimental 
samples and that coincidence loss was not detected up to 
five times the counting rates of the experimental sam- 
ples. All samples, however, were corrected for back- 
ground and radioactive decay (Ti = 15.04 hours [11]). 
A minimum of 5,000 counts were collected on each 
planchet. 

Triplicate sodium analyses were made from duplicate 
dilutions on aliquots of serum, gastrointestinal con- 
tents, urine and stool with a lithium internal standard 
flame photometer (Baird Associates—Na II filter). Since 
random samples of gastrointestinal contents contained less 
than 12 mEq. per liter of calcium, a correction for the 
contribution of calcium emission to sodium assays was 
unnecessary. 


B. Human subjects 


Thirteen human subjects were studied at the time of 
postmortem examination. The gross and microscopic 
postmortem findings, as well as the age, sex, body weight 
and height of each subject, were recorded. Patients with 
demonstrable edema or organic gastrointestinal disease 
were eliminated from the study. 

Double ties were placed at the cardio-esophageal junc- 
tion, the pylorus of the stomach, the ileocecal valve, and 
just distal to the hepatic flexure of the transverse colon. 
The tract was separated into segments by cutting be- 
tween ties and removed from the peritoneal cavity. The 
serosal surfaces were trimmed, washed with distilled 
water, carefully dried, and each segment of the tract 
weighed on a torsion balance to within 1.0 gram. Each 
segment of the tract was opened along its long axis. 
The mucosal surfaces were stripped with a gloved finger, 
and the contents transferred to distilled water-cleaned 
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pans, using multiple distilled water rinses. The wall of 
each portion of the tract was carefully dried and re- 
weighed. A thin layer of mucus invariably clung to the 
mucosal surfaces at the end of these manipulations. The 
gastrointestinal contents were homogenized, the total 
volume recorded using graduated cylinders, and aliquots 
were taken for estimation of total solids, chloride, sodium 
and potassium. 

Triplicate sodium analyses were made from duplicate 
dilutions of the separate gastrointestinal contents with a 
lithium internal standard flame photometer (Baird As- 
sociates—Na II filter). 


CALCULATIONS 


A. Rabbits 


The total exchangeable sodium content (Nae) was cal- 
culated from the dilution formula (2): 


Na;** Na.?4 
Nae = Na,**/Na,* (1) 
where: 


Naj* = injected radiosodium in counts per minute. 

Na,** = radiosodium excreted in the urine (bladder plus 
cage urine) to time of equilibrium blood sample. 

Na,*/Na,* = serum specific activity at equilibrium of 
distribution in counts per mEq. 


In these studies the equilibrium samples were obtained 
20 to 26 hours after administration of the radiosodium 
solution. Urinary loss of radiosodium during this period 
averaged 6.6 per cent of the injected amount, with a range 
of 2.2 to 10.7 per cent. 

The degree of ionic exchange of intraluminal sodium 
with serum sodium was evaluated by relating gastrointes- 
tinal specific activities to the serum specific activities. 
The fraction of the tissue element, in this case intraluminal 
sodium, exchanged with serum element is given by the 
formula: 

(S.A.)¢ 


Specific activity ratio (S.A.R.) = F.E. = (S.ADs (2) 


where: 


F.E. = fraction exchanged. 


(S.A.)¢ = Naz*/Na:* = tissue specific activity at equi- 
librium of distribution in counts per mEq. 


(S.A.)s = Na,*/Na,* = serum specific activity at equi- 
librium of distribution in counts per mEq. 


The derivation of this formula requires that the serum 
specific activity be constant or almost constant at the time 
of tissue sampling (4). Although equating the specific 


activity ratio ee to the fraction exchanged is not rig- 


orously precise, it is sufficiently accurate for the purposes 
of this study. 


B. Human subjects 


The intraluminal gastrointestinal sodium content has 
been expressed as an absolute quantity (mEq.), as the 
amount per unit of body weight (mEq. per kgm.) and asa 
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per cent of the “predicted” total exchangeable sodium 
content (cf. Table VI). To reduce the data to a fraction 
of the labile pool of body sodium it was necessary to pre- 
dict the Na, in each subject. For this purpose we used 
the previously published normal standards (12), rather 
than attempting to take into account deviations induced 
by a particular disease state. The mean value listed in 
these tables was applied to each patient according to sex 
and age, using the body weight as the reference unit. In 
studies on patients with a wide variety of disease states, 
the Na, was invariably found to be less than twice the 
expected normal values in edema-free subjects (13). It 
seems most likely, therefore, that the gastrointestinal 
sodium content expressed as per cent of the Na, is accurate, 
at least to within a factor of 2 as a postmortem estimate. 
The absolute error resulting from agonal or postmortem 
migration of sodium across the gastrointestinal mucosa is 
unknown. The method employed has the advantage of 
eliminating the possibility of weighting the data by arbi- 
trary selection of a predicted Nae value. 


RESULTS 
A. Rabbits 


To evaluate the possibility of sex-linked differ- 
ences in either total exchangeable sodium content 
or the relative amount of intraluminal gastroin- 
testinal sodium content, the rabbits were studied 
in pairs consisting of a male and a non-gravid fe- 
male. The pairs of animals were subjected to 
identical fasting periods. Table I details com- 
parisons of the Na,, Na, per kgm. of body weight 
and the “total” gastrointestinal sodium between 
male and female rabbits matched for age and body 
weight. “Total” gastrointestinal sodium refers to 
the intraluminal sodium content of the gastroin- 


TABLE I 


The exchangeable sodium (Na,) and gastrointestinal sodium 
content of male versus female rabbits 


Male Female t Pp 

Number 16 16 
Body weight in 

kgm.-+s.d.* 2.1440.20 2.0940.12 0.83 >0.4 
Nae in 

mEq. +s.d. 96.5 +6.5 96.5 +7.3 0 1.0 
Na,/body weight in 

mEq./kgm.+s.d. 45.3 42.3 46.2 42.3 1.07 >0.2 
“Total’’ G-I so- 

diumt as % of 

Nae+s.d. 14.0 42.1 143 42.4 0.37 >0.7 


(x — x)? 


*s.d. = 


n 

t “Total’’ G-I sodium refers to the intraluminal sodium 
content of the gastrointestinal tract from the cardia of the 
stomach to the mid-transverse colon. 
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testinal tract from the cardia of the stomach to the 
mid-transverse colon. The p values for either 
body sodium content or the proportion of body so- 
dium within the gastrointestinal tract do not 
achieve statistical significance. Because of these 
findings subsequent tabulations were made without 
regard to the sex of the individual animals. 

Since the quantity of sodium in the gastroin- 
testinal contents could be a function of food intake 
either by direct addition or by stimulation of gas- 
trointestinal secretions, the effect of short fasting 
periods on the Na, and “total” gastrointestinal so- 
dium expressed as per cent of Na, was investi- 
gated ; the results are depicted in Figures 1 and 2. 
The periods of fasting varied from 8 to 43 hours. 
Within this interval as judged by the slope “A,” 
there is an insignificant effect on Na, (A= + 
0.03 per hour) and on the gastrointestinal fluid so- 
dium content (A = — 0.03 per hour). These data 
indicate that short fasting periods insured basal 
gut fluid sodium contents without depletion of 
body sodium or shifts of sodium from the lumen of 
the gastrointestinal tract to the carcass. 

Table II enumerates two fundamental param- 
eters of body sodium anatomy, namely, the serum 
sodium concentration and the exchangeable sodium 
content. Serum sodium concentrations averaged 
145 + 4 mEq. per liter, essentially the same as in 
humans. Exchangeable sodium content averaged 
46.0 + 2.0 mEq. per kgm. of body weight, whereas 
in humans the Na, averages 41.0+5 mEq. per 
kgm. (12). 

Exchange equilibrium between gastrointestinal 
sodium and body sodium was evaluated by ex- 
pressing the specific activity of gut fluid as a 
fraction of the serum specific activity (cf. Table 
III). The values of 0.95 + 0.128 for stomach, 
0.97 + 0.045 for small intestine, 0.99 + 0.049 for 
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TABLE II 
The exchangeable sodium (Na) content in the rabbit * 


TABLE III 
The equilibration of Na* with intraluminal gastrointestinal sodium in the rabbit* 


Body Serum Exchangeable Na 
weight Na mEq./ 
kgm. mEqg./L mEq. kgm. 
Number 35 35 35 
Mean 4.12 145 97.4 46.0 
s.d. +0.21 +4 +7.1 +2.0 
Coefficient of 
variation 10.0% 2.8% 7.3% 4.3% 


*Fasting period varied from 8 to 43 hours prior to 
sacrifice. 
cecum and transverse colon, and 0.99 + 0.036 for 
the “total” gastrointestinal tract indicate that all 
of the gut sodium is freely exchanged with extra- 
cellular sodium. The small differences from unity 
were evaluated by the formula: 


1.00 — x 
(3) 
where: 
X = mean value 


s.e. = standard error 


The p value for small intestine sodium exchange 
is < 0.02 and does achieve statistical significance. 
However, the quantity of sodium involved (3 per 
cent) is negligible. 

The magnitude of intraluminal gastrointestinal 
sodium content is summarized in Table IV. 
“Total” gastrointestinal sodium is 14.2 + 2.4 per 
cent of the Na.; with the smallest fraction in the 
stomach, 0.9 + 0.4 per cent of the Nae, an in- 
termediate amount in the small intestine, 3.2 + 1.2 
per cent of the Na,, and the major portion in the 
cecum and proximal transverse colon, 10.2 + 2.1 
per cent of the Na,.. The proximal segment of 
the large bowel, therefore, contains 72 per cent 
of the total gastrointestinal sodium in the normal 
rabbit. 


Number 


peri 
hours 


Specific activity ratiot 


Mean 8.d. t p 


Stomach 17 
Small intestine 17 
Cecum and transverse colon 17 


“Total” G-I 35 


20-24 0.95 +0.128 : >0.1 
20-24 0.97 +0.045 2.74 >0.01 
<0.02 

20-24 0.99 +0.049 0.84 >0.4 

8-43 0.99 +0.036 . >0.2 


* Na*Cl was injected intra 
+ This ratio was obtained 
of the serum. 


ritoneally 20 to 25 hours prior to sacrifice. 
y dividing the specific activity of the gastrointestinal contents by the specific activity 
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TABLE IV 
The intraluminal gastrointestinal sodium content in the rabbit 
Cecum and 
Stomach Small intestine transverse colon “Total” G-I* 
mEq. % of Nae mEq. % of Nae mEq. % of Nae mEq. % of Nae 

Number 17 17 17 35 
Fasting period in hours 20-24 20-24 20-24 8-43 
Mean 0.8 0.9 | 4 10.0 10.2 13.7 14.2 
s.d. +04 +0.4 +1.2 +2.00 +42.1 4+2.4 +2.4 
Coefficient of variation 50% 44% 35% 37% 20% 20% 18% 17% 


* “Total’’ G-I sodium refers to the intraluminal sodium content of the gastrointestinal tract from the cardia of the 


stomach to the mid-transverse colon. 


The impressive amount of sodium in the cecum 
and proximal transverse colon raises the possibility 
of fairly large rates of sodium loss in the stool. 
This question was examined by measuring the in- 
traluminal sodium content of the descending colon 
and rectum and by quantitative 24-hour stool col- 
lections during short fasting periods (16 to 41 
hours). The results are listed in Table V. The 
distal large bowel had a mean sodium content of 
1.9 per cent of the “total” gastrointestinal sodium 
content, and the rate of stool sodium excretion 
averaged 0.40 mEq. per day, which is equivalent 
to 2.9 per cent of the “total” gastrointestinal so- 
dium or 0.41 per cent of the Na,. The cecal mech- 
anism for sodium conservation is apparently quite 
efficient. 


B. Humans 


The results obtained on postmortem examina- 
tion are listed in Table VI. The interval from the 
time of death to the time of collection of gastro- 
intestinal contents varied from 6 to 22 hours. 
Perusal of the data indicates that there is no gross 
relation between the quantity of gastrointestinal 


TABLE V 


The sodium content of the distal colon and the rate of 
stool sodium excretion in the rabbit 


Descending colon Stool sodium per 
and rectum 24 hours 
Total %ofTotal” Total % of 
mEq. G-I sodium mEq. G-I sodium* 
Number 8 16 
Fasting period 
in hours 22-41 16-41 
Mean 0.28 1.9 0.40 2.6 
Range 0.06-0.56 0.6-4.1 0-1.47 0-8.2 


* “Total” G-I sodium refers to the intraluminal sodium 
content of the gastrointestinal tract from the cardia of the 
stomach to the mid-transverse colon. 


sodium and the interval between death and post- 
mortem examination. The smallest quantity of 
gastrointestinal sodium (15.4 mEq.) was found 
in a patient with an 11-hour postmortem interval ; 
the largest amount (70.5 mEq.) was found in a 
patient with a 12-hour postmortem interval. This 
series consisted of 13 patients, 8 males and 5 fe- 
males, varying in age from 50 to 77 years. The 
clinical and pathological features of these cases 
are summarized in the appendix. 

To express the intraluminal gastrointestinal so- 
dium content in terms of the total labile pool of 
body sodium, a predicted Na, was calculated for 
each case from previously published normal val- 
ues (12), taking into account the patient’s age, 
sex and body weight. Mean “total” gastrointes- 
tinal sodium was 0.54 mEq. per kgm. of body 
weight, or 1.6 per cent of the predicted Nag. 
Stomach and proximal large bowel sodium con- 
tents almost equaled each other, averaging 0.18 
mEq. per kgm. of body weight, or 0.45 per cent of 
the predicted Na, and 0.14 mEq. per kgm. of 
body weight, or 0.36 per cent of the predicted 
Nae, respectively. Small bowel contents con- 
tained the largest fraction of gut sodium with 
a mean value of 0.30 mEq. per kgm. of body 
weight or 0.74 per cent of the predicted Na,. 


DISCUSSION 


Sodium is universally present, usually in high 
concentrations, in body secretions. In humans 
the lowest concentrations of sodium tend to occur 
in stomach and cecal aspirates, averaging 60.4 
and 52.5 mEq. per liter, respectively, while the 
highest concentrations occur in biliary and pan- 
creatic secretions, averaging 148.9 and 141.1 mEq. 
per liter, respectively (14). Nevertheless, so- 
dium in the gastrointestinal tract has been ignored 
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in past considerations of body water anatomy. 
This is in spite of the fact that in many species the 
volume of intraluminal gastrointestinal fluid is 
considerable (10, 15). 

The justification for separate identification of 
gut lumen contents rests firmly on both anatomical 
and physiological grounds. Anatomically, gastro- 
intestinal sodium is clearly extracellular and falls 
in the same general category as plasma and in- 
terstitial fluid. However, the similarity ends there. 
Visscher and his co-workers have shown that the 
intraluminal gut-plasma concentration ratios for 
sodium, chloride and hydrogen ions may exceed 
100; that water may enter the intestinal phase 
against a concentration gradient ; that sodium may 
leave the intestinal phase against a concentration 
gradient ; that the total flux of sodium ion across 
the intestinal mucosa is higher at the oral end; 
and that the flux of sodium out of the intestinal 
lumen relative to inward flux is greatest at the 
aboral end of bowel (9, 16-18). These findings 
indicate that exchange across the gastrointestinal 
mucosa probably involves active transport mecha- 
nisms and is not entirely a function of simple dif- 
fusion or pressure gradients. The decreased trans- 
port of sodium from ileal loop to blood during 
adrenal cortical insufficiency (19) and the de- 
creased gastrointestinal sodium content in ACTH- 
treated, fasted, nephrectomized rats (20) support 
this conclusion, since hormonal influences on ac- 
tive transport mechanisms are well known. 

The gastrointestinal specific activity ratios of 
0.95, 0.97, 0.99 and 0.99 for stomach, small in- 
testine, proximal large bowel and “total” gastro- 
intestinal contents, respectively, confirms the com- 
plete exchangeability of gastrointestinal sodium. 
This phase of sodium is, therefore, an integral 
part of the body pool of labile sodium. The la- 
bility of gastrointestinal sodium is undoubtedly not 
unique for rabbits, since it has been shown that 
there is rapid blood-to-gut (both small and large 
bowel) lumen transport of sodium in dogs and 
blood to gastric juice transport of sodium in hu- 
mans (18, 21). These data also indicate that esti- 
mates of total exchangeable sodium by radioso- 
dium dilution include intraluminal gastrointestinal 
sodium, as is the case in other transcellular fluids, 
such as cerebrospinal fluid and pancreatic juice 
(21-23). Isotopic exchange, however, does not 
indicate the nature of the mechanism of gastro- 
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intestinal transport. It establishes that there is 
blood-to-gut transport but does not distinguish 
among passive diffusion, exchange diffusion, elec- 
troosmosis or active transport dependent on meta- 
bolic energy. 

The amount of intraluminal gastrointestinal so- 
dium in the rabbit is substantial. It is of interest 
that in this species, 14.2 per cent of the Na, is in 
the gut, and 72 per cent of this quantity or 10.2 
per cent of the Na, is in the cecum and proximal 
half of the transverse colon. The distal colon con- 
tains only 1.9 per cent of the “total” gastrointesti- 
nal sodium, and the stool excretion rates averaged 
2.9 per cent of the “total” gastrointestinal sodium 
or 0.4 per cent of the Na, (cf. Table V). Vis- 
scher, Varco, Carr, Dean, and Erickson (18) 
found that sodium flux out of the colon exceeded 
sodium flux into the colon considerably in dogs. 
Judged by these findings the proximal and mid- 
colon conserve sodium quite efficiently. The hu- 
man gastrointestinal tract may contain much less 
sodium than the rabbit’s, since postmortem analy- 
ses gave values averaging 1.6 per cent of the pre- 
dicted Na,, and its distribution differs in that the 
small intestine contains 46 per cent of this quan- 
tity, with the remainder about equally distributed 
between the stomach and proximal colon (cf. 
Table VI). We cannot assume, of course, that 
these values apply to the living normal subject. 
Differences in gastrointestinal sodium content be- 
tween rabbit and postmortem man may have sig- 
nificance, however, in view of similar differences 
in intraluminal gastrointestinal water contents be- 
tween various species noted by Cizek (10). The 
collection of gastrointestinal fluid at postmortem 
after catastrophic illness, needless to say, does 
not afford a sound basis for estimating normal 
values. The justification for this examination 
rests in the fact that animal data cannot be trans- 
posed to humans. Indeed, premortem shifts of 
sodium under hormonal or other physiological in- 
fluences may account for the low intraluminal so- 
dium contents found in the human subjects. 

The total exchangeable sodium of normal adult 
humans averages 41.0 mEq. per kgm. of body 
weight (12, 21, 22). The young adult rabbit has 
a mean Na, of 46.0 mEq. per kgm. of body weight, 
which is significantly greater than the human val- 
ue (cf. Table II). This difference may be due, 
at least in part, to greater intraluminal gastroin- 


1% 
= 
| 


GASTROINTESTINAL SODIUM 


testinal sodium content in the rabbit. “Total” 
gut sodium averages 14.2 per cent of the Nae, 
which is equivalent to 6.5 mEq. per kgm. of body 
weight (cf. Table IV). In the human subjects 
studied postmortem, “total” gastrointestinal so- 
dium averaged 0.54 mEq. per kgm. of body weight. 
The additional 6.0 mEq. of sodium per kgm. of 
body weight in the rabbit gut would, therefore, 
neatly match the difference in the Na, of 5.0 mEq. 
per kgm. of body weight between the two species. 
Since postmortem studies after catastrophic ill- 
ness are obviously not adequate for judgment of 
normal values, there is a need for further studies 
in human subjects, particularly in previously well 
individuals soon after sudden accidental death. 
Kruhgffer (24) estimated the interstitial fluid- 
plasma volume in rabbits by inulin volume of dilu- 
tion to be slightly less than 20 per cent of the body 
weight. This volume would contain approxi- 
mately 60 mEq. of sodium. If there is a shift of 
sodium from the gastrointestinal tract to the in- 
terstitial-plasma compartment in response to meta- 
bolic need, gut sodium could replace up to 20 per 
cent of the interstitial-plasma sodium in rabbits. 


During short fasting periods, however, we found 
little or no redistribution of sodium between gut 


and carcass (cf. Figure 2). In humans, shifts 
into this compartment might produce significant 
internal loss of sodium from the interstitial-plasma 
compartment. The finding of decreased fecal 
extraction of sodium with cation exchange resins 
in patients with edema suggests that disease states 
may alter sodium exchange or induce shifts of 
sodium across intestinal mucosa (25). 

The equilibration of radiosodium with transcel- 
lular sodium is of significance in the interpretation 
of body sodium anatomy based on simultaneous di- 
lution methods using inulin and sucrose. These 
saccharides apparently do not penetrate gastric 
juice, bile or cerebrospinal fluid (24, 26-28). 
The estimation of intracellular sodium by subtrac- 
tion of the sodium in the inulin or sucrose volume 
of dilution from the total exchangeable sodium 
would therefore be in error in proportion to the 
quantity of transcellular sodium in the animals 
under study. 


SUMMARY 


Intraluminal gastrointestinal sodium content was 
measured in rabbits and in humans studied post- 
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mortem. In the former, gut sodium was referred 
to Na, estimated with Na**, while in the latter, 
gut sodium was referred to predicted Na, values. 

Total exchangeable sodium averaged 46.0 + 
2.0 mEq. per kgm. of body weight in rabbits. Of 
this, 14.2 + 2.4 per cent was found to be in the 
gastrointestinal tract, with 0.9 + 0.4 per cent in 
the stomach, 3.2 + 1.2 per cent in the small in- 
testine, and 10.2 + 2.1 per cent in the proximal 
half of the large intestine. Radiosodium exchange 
equilibrium was virtually complete 24 hours after 
injection at all levels of the gastrointestinal tract. 
Fasting periods of 8 to 43 hours did not affect the 
quantity or distribution of gastrointestinal sodium 
to any appreciable extent. No significant differ- 
ence in either Na, or the quantity of intraluminal 
gastrointestinal sodium was found between male 
and female rabbits. 

Human subjects at postmortem after a variety 
of diseases had relatively small amounts of intra- 
luminal gastrointestinal sodium; the mean values 
were 1.6 per cent of the predicted Na, in the 
“total” gastrointestinal tract, with 0.45 per cent 
in the stomach, 0.74 per cent in the small bowel 
and 0.36 per cent in the proximal portion of the 
large bowel. These data, however, cannot be taken 
as a reliable guide to the quantity of intraluminal 
sodium in living man. 

The implications of these data are discussed in 
terms of the dynamics of sodium transport across 
the intestinal mucosa and the anatomy of body 
sodium. 
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APPENDIX 
Summary of case histories 


F-1, Patient G. A., SFH 126096, female, aged 77 years. 
Patient expired 24 hours after admission. 

Postmortem examination revealed: marked coronary 
atherosclerosis, myocardial fibrosis, recent infarct of the 
interventricular septum, 600 ml. of fluid in both pleural 
cavities, moderate pulmonary edema, calcification of the 
abdominal aorta and chronic cholecystitis with chole- 
lithiasis. 

M-2. Patient J. F., SFH 56451, male, aged 53 years. 
Patient expired in coma 11 days after admission. 
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Postmortem examination revealed: mitral stenosis, con- 
gestive heart failure with passive congestion of lungs, 
liver, spleen and kidneys, mural thrombus of left auricle, 
multiple pulmonary emboli, multiple emboli to brain 
stem, saddle embolus at bifurcation of the aorta, chronic 
pyelonephritis and chronic cholecystitis with cholelithiasis. 

M-3. Patient J. W., SFH 179284, aged 51 years. Ad- 
mitted in coma, with a known history of hypertension. 
Patient expired 1 hour after admission. 

Postmortem examination revealed: hypertrophy of 
both ventricles, marked arteriolar nephrosclerosis, pul- 
monary congestion, occlusion of the right vertebral artery 
with multiple cerebellar and pontine infarcts, and coro- 
nary artery atherosclerosis with focal myocardial fibrosis. 

F-4. Patient B. N., SFH 1693, female, aged 54 years. 
Present admission was for diabetic acidosis and coma. 
Patient expired 19 days after admission. 

Postmortem examination revealed: necrotic pituitary 
tumor, type undetermined, mild glomerulosclerosis, bi- 
lateral cataracts, generalized arteriosclerosis involving 
the heart, kidneys and peripheral arteries, and a bilateral 
bronchopneumonia. 

M-5. Patient F. D., SFH 133435, male, aged 64 years. 
Patient died 38 days after admission. 

Postmortem examination revealed: pulmonary squa- 
mous cell carcinoma of left lower lobe with metastases to 
mediastinal and abdominal lymph nodes, pericardium and 
adrenals, acute bilateral bronchopneumonia, and general- 
ized arteriosclerosis involving the aorta, coronary and 
renal arteries. 

F-6. Patient N. R., SFH 134788, female, aged 56 years. 
Patient expired in coma 5 days after admission. 

Postmortem examination revealed: cerebral athero- 
sclerosis with encephalomalacia of right cerebral hemi- 
sphere, coronary atherosclerosis, left ventricular hyper- 
trophy, nephrosclerosis, pulmonary emphysema and 
bronchopneumonia, moderate bronchiectasis, mild mitral 
stenosis, mild passive congestion of the liver, moderate 
fibrosis of the thyroid gland and chronic cholecystitis 
with cholelithiasis. 

F-7. Patient G. W., SFH N-132431, female, aged 68 
years. Patient expired two months after admission, soon 
after the onset of severe chest pain. 

Postmortem examination revealed: healing myocardial 
infarction of the posterior left ventricle, chronic passive 
congestion of the lungs, liver and spleen, nephrosclerosis 
and chronic cholecystitis with cholelithiasis. 

M-8. Patient G. H., SFH 135018, male, aged 69 years. 
Patient expired 11 days after admission. 

Postmortem examination revealed: severe coronary 
atherosclerosis with an area of healed myocardial in- 
farction, bilateral bronchopneumonia, demyelinization and 
gliosis of the basal ganglia, arteriosclerosis involving the 
aorta, renal and cerebral vessels, and chronic cholecys- 
titis with cholelithiasis. 

F-9, Patient A. F., SFH 135355, female, aged 67 years. 
Patient expired 43 days after admission. 

Postmortem examination revealed: generalized arterio- 
sclerosis with cerebral thrombosis and infarction, con- 
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genital atrophy of the right kidney, and marked bilateral 
pulmonary congestion. 

M-10. Patient L. Y., SFH N-136139, male, aged 59 
years. Patient expired five hours after admission. 

Postmortem examination revealed: dissecting aneurysm 
of ascending aorta with hemopericardium, generalized 
arteriosclerosis and focal pulmonary fibrosis. 

M-11. Patient I. P., SFH N-135687, male, aged 72 
years. On the thirty-fourth hospital day patient devel- 
oped severe pulmonary edema, became hypotensive and 
died a few hours later. 

Postmortem examination revealed: coronary athero- 
sclerosis with recent and old areas of myocardial in- 
farction and a ventricular aneurysm, bilateral moderate 
nephrosclerosis, chronic passive congestion of the lungs, 
liver and spleen, and severe bilateral bronchopneumonia. 

M-12. Patient A. D., SFH N-136536, male, aged 50 
years. Patient expired on the sixth postoperative day 
following craniotomy for a pituitary tumor. 

Postmortem examination revealed: cerebral infarction 
of left posterior hemisphere, a chromophobe adenoma of 
the pituitary and bilateral bronchopneumonia. 

M-13. Patient A. T., SFH 17353, male, aged 76 years. 
Patient died suddenly 4 days after admission for post- 
traumatic quadriplegia. 

Postmortem examination revealed: demyelinization of 
cervical spinal cord, generalized arteriosclerosis, and 
severe bilateral bronchopneumonia. 
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II. THE EQUILIBRATION 


OF RADIOPOTASSIUM IN GASTROINTESTINAL CONTENTS AND 
THE PROPORTION OF EXCHANGEABLE POTASSIUM (K,) 


Only 1.5 to 2.5 per cent of total body potassium 
is found in the extracellular fluid as estimated by 
tracer dilution methods (1-3). The usual meth- 
ods for estimating extracellular potassium con- 
tent, however, do not take into account fluid con- 
tained in the lumen of the gastrointestinal tract or 
in other transcellular fluid (4, 5). 

The concentration of potassium in the secretions 
of the gastrointestinal tract is equal to or greater 
than that in plasma. In saliva, the concentration 
is approximately 4 times that of plasma, in gastric 
juice 2 to 3 times that of plasma, and in small and 
large intestinal secretions 1.5 to 2.5 times that of 
plasma (6-8). Abnormal loss of gastrointestinal 
fluids is known to produce rapid potassium de- 
pletion due to the loss of potassium contained in 
gastrointestinal secretions, as well as continued 
renal excretion of potassium (9, 10). 

Endogenous potassium contained in the gastro- 
intestinal tract is transported, at least in part, 
from blood to gut by secretory mechanisms. Us- 
ing tracer techniques Corsa, Olney, Steenburg, 
Ball, and Moore (1) demonstrated that bile po- 
tassium is in equilibrium with the total pool of 
exchangeable potassium 10 hours after intravenous 
administration of radiopotassium. Exogenous po- 
tassium is rapidly absorbed from the gastrointesti- 
nal tract after the oral administration of isotopic 
potassium to rabbits; equilibrium between the in- 
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Paul and Susan Gardiner Fund, and the Christine Breon 
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the University of California School of Medicine, San 
Francisco. 

2 Research Fellow of the National Heart Institute of 
the United States Public Health Service. 

3 Established Investigator of the American Heart 
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testinal contents and serum is almost complete in 
one hour (11). In view of these findings, an 
analysis of the equilibration of isotopic potassium 
in gut contents and estimation of the amount of 
potassium in the alimentary tract was considered 
worthwhile. The known role of gastrointestinal 
losses in the genesis of potassium depletion is an 
additional basis for this study. 

The first paper in this series (4) reported the 
results of measurement of intraluminal gastroin- 
testinal sodium content in rabbits and in human 
subjects studied postmortem. The present study 
is similar in design and execution to the study on 
gastrointestinal sodium content and presents ob- 
servations on a) the amount of intraluminal gastro- 
intestinal potassium relative to total exchangeable 
potassium (K,) and the extent of radiopotassium 
exchange equilibrium in gastrointestinal contents 
in rabbits and b) the amount of intraluminal gas- 
trointestinal potassium in human subjects studied 
postmortem. 


METHODS 


A. Rabbits 


Forty-four adult albino rabbits were studied in pairs 
consisting of a male and a non-gravid female. Water was 
permitted ad libitum from the time of isotope injection 
until sacrifice, but food was withheld during this period. 

Each animal was injected intraperitoneally with 250 
to 350 microcuries of K*/“Cl4 from calibrated syringes. 
The solution was made isotonic with NaCl, sterilized, 
and neutralized to pH 7. No contamination with other 
isotopes was present. 

Urine, stool, gastrointestinal contents and blood were 


4 The K®® mixture was prepared in the Crocker Radi- 
ation Laboratory, University of California, Berkeley, by 
alpha particle bombardment of argon. At the time of 
radioassay the resultant mixture of K® (half-life, 12.4 
hours) and K® (half-life, 22.4 hours) contained approxi- 
mately 75 per cent K® and 25 per cent K*. K*® emits 0.81 
and 0.24 Mev electrons and 0.4 Mev gamma-transitions. 
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collected for assay of radioactivity and chemical analyses 
as described in the first paper in this series (4). In 
some instances erythrocytes were aspirated from below 
the separated plasma of centrifuged heparinized blood. 
These red cells were then hemolyzed in 3 to 4 times their 
volume of distilled water. After being filtered through 
paper, aliquots were taken for assay of radioactivity and 
chemical analysis. 

One-ml. aliquots of plasma, lyzed erythrocytes, bladder 
urine, gastrointestinal contents and excreted urine were 
plated in triplicate on filter paper, dried under an infra- 
red lamp and covered with Parafilm. Three separate 
dilutions of the injected isotope solution were plated in 
triplicate and processed as above. Radioactive assay in 
the first 6 rabbits studied was carried out with an alumi- 
num-covered end-window, thallium-activated sodium io- 
dide scintillation counter and autoscaler. Because of the 
slow counting rates obtained with the scintillation 
counter, radioassays on samples obtained from the fol- 
lowing 38 rabbits were measured with a thin mica end- 
window Geiger-Miiller tube 5 and autoscaler. Pre- 
liminary observations revealed no significant self-ab- 
sorption loss up to twice the quantity of solids present in 
the experimental samples. Correction for coincidence 
loss was unnecessary; with the counting tube used, no 
significant coincidence loss occurred at counting rates 
up to 4000 counts per minute. The counting rates did not 
exceed this value. 

All samples were corrected for background radiation 
and radioactive decay. A separate decay curve was con- 
structed for each shipment of K““. Three separate dilu- 
tions of the isotope solution, each plated in triplicate, 
were assayed for radioactivity immediately before, at 
three intervals during, and immediately after the bio- 
logical samples were assayed. 

Triplicate potassium analyses were made from dupli- 
cate dilutions on aliquots of serum, lyzed erythrocytes, 
bladder urine, gastrointestinal contents, and excreted 
urine and stool with a lithium internal standard flame 
photometer. The sodium concentration was similarly 
determined on these samples. A correction was made 
for the contribution of sodium emissions to the potas- 
sium assay when necessary. 


B. Human subjects 


Thirteen human subjects were studied at the time of 
postmortem examination. The age, sex, weight and 
height of each subject was recorded. Patients with clin- 
ically demonstrable edema or organic gastrointestinal 
disease were eliminated from the study. The gross and 
microscopic postmortem findings were subsequently re- 
corded. The techniques employed in collecting and ana- 
lyzing the gastrointestinal contents are described in the 
first report in this series (4) ; the appendix to the first 
report summarizes the pertinent features of the case 
histories of these subjects. 

Triplicate potassium analyses were made from dupli- 


5 Radiobiological Apparatus Co., Berkeley, Calif. 
6 Baird Associates, Cambridge, Massachusetts. 
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cate dilutions of the separate gastrointestinal contents 
using a lithium internal standard flame photometer. 


CALCULATIONS 


A. Rabbits 
The total exchangeable potassium (K.) was calculated 
from the dilution formula (1, 12): 
— K ae 
Ke = “ 
where: 
K,#/4 = Injected radiopotassium in counts per minute. 
K,“/# = Radiopotassium excreted in the urine (bladder 
plus cage urine) to time of equilibration bladder 
urine sample. 
K,“/8/K,® = Specific activity of bladder urine at equi- 
librium of distribution in counts per mEq. 
The degree of ionic exchange of intraluminal potassium 
with serum potassium was evaluated by relating gastro- 
intestinal specific activities to the bladder urine specific 
activities. 
(S.A.)¢ 
(S.A.)u 


Specific activity ratio (S.A.R.) = (2) 


where: 

(S.A.)¢ = Ky/*/K, = Tissue specific activity at equi- 

librium of distribution in counts per mEq. 

(S.A.)a = Ku/#/Ky® = Bladder urine specific activity 

at equilibrium of distribution in the counts 
per mEq. 

The value of this ratio is assumed to represent the frac- 
tion of gut potassium which was exchanged (4, 13). 

To determine the validity of using bladder urine specific 
activity as a standard of reference for the specific activity 
of the gastrointestinal contents, simultaneous plasma spe- 
cific activity and bladder urine specific activity were 
determined in 14 cases 21 to 24 hours after the injection of 
radiopotassium (Table I). The mean ratio of specific 


TABLE I 


Plasma versus bladder urine specific activity in the rabbit 
21 to 24 hours after the injection of radiopotassium 


Specific Specific activity 
Specific activity bladder urine 
activity bladder 
plasma urine Specific activity 
Rabbit cts./mEq. cts./mEq. plasma 

1 119.3 116.3 0.97 
2 113.6 114.8 1.01 
3 63.73 73.20 1.14 
4 65.60 71.00 1.08 
5 81.12 94.53 1.16 
6 85.32 83.53 0.98 
7 77.89 74.51 0.95 
8 84.10 80.01 0.95 
9 94.67 102.8 1.09 
10 86.56 90.26 1.05 
11 99.13 96.67 0.97 
12 102.7 104.6 1.02 
13 90.96 109.3 1.20 
14 113.4 114.2 1.00 
Mean: 1.04 
Standard deviation: -+0.08 
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activity bladder urine/specific activity plasma was 1.04+ _ states, it is likely, however, that these estimates are gener- 
0.08. These results confirm those of Corsa and his col- ally too high up to a factor of 2 (14). 

leagues (1). Because of errors which might be introduced 

by minimal hemolysis of blood in the preparation of plasma RESULTS 

for assay and because of the relatively small amount of 

radioactivity in the plasma (due to the low potassium <A. Rabbits 

concentration), the specific activity of bladder urine was 

used as the more reliable standard of reference. The effect of varying the time allowed for radio- 
potassium distribution on the ratio of total gas- 
trointestinal to bladder urine specific activity is 
Samples from the human subjects were obtained and depicted in Figure 1. 

A specific activity ratio of 1.00 is assumed to 
estimated from published normal standards (14), taking 

into account the sex of the patient. Body weight was ‘¢present 100 per cent exchange. At 20 to 24 
used as the reference unit. From studies on K, in disease hours the specific activity ratio is quite variable, 


B. Human subjects 


TABLE II 


The exchangeable potassium (K,) and gastrointestinal potassium content of male versus female rabbits 


Male Female t p 

Number 13 13 
Body weight in kgm.+s.d.* 2.05+0.14 2.02+ 0.13 0.55 >0.5 
K, in mEq.+s.d. 107.0 +9.2 100.8 +10.1 1.90 >0.1 
K,/body weight in 

mEq./kgm.-+s.d. 52.2 +4.3 49.8 + 2.7 1.70 >0.1 
“Total’’ G-I potassiumT 

as % of Ke-+s.d. 5.9 +1.8 5.5 + 2.4 0.422 >0.6 


*s.d. = standard deviation = 


t “Total” G-I epee ee refers to the intraluminal potassium content of the gastrointestinal tract from the cardia 
of the stomach to the mid-transverse colon. 


; 

an 

# 

. 


TABLE III 
The exchangeable potassium (K,) content in the rabbit * 


Exchangeable K 


Serum 


weight mEq./ 
kgm. mEq./L. mEq. kgm. 
Number 32 32 32 
ean 2.07 3.63 104.9 50.7 
s.d. +0.16 +1.51 +9.7 +4.0 
Coefficient of 
variation 7.5% 41.6% 9.2% 8.0% 


* K, calculated 21 to 42 hours after the injection of 
radiopotassium. 


often exceeding a value of 1.00 considerably. At 
39 to 41 hours, however, the specific activity ratios 
cluster closely around 1.00, averaging 1.01, with 
a range of 0.93 to 1.14. It appears, therefore, that 
approximately 40 hours are required for uniform 
distribution of isotopic potassium between gut 
contents and the carcass. 

Previous studies on normal human subjects 
have shown a sex difference in exchangeable po- 
tassium content; male subjects averaged 46.3 mEq. 
of potassium per kgm. of body weight, while fe- 
male subjects averaged 39.0 mEq. per kgm. of 
body weight (14). To evaluate the possibility of 
similar sex differences in K, of rabbits, pairs of 
animals, matched for weight, were studied; the 
data are presented in Table II. 

The K, averaged 6.2 mEq. greater in male rab- 
bits than in female rabbits. The differences, how- 
ever, in K,, K, per kgm. of body weight, and 
“total” gastrointestinal potassium expressed as 
per cent of the K, were not statistically significant. 
Subsequent tabulations, therefore, were made with- 
out regard to the sex of the animal. In making 
this comparison, equilibration and fasting periods 
of 21 hours were employed for the most part. 
“Total” gastrointestinal potassium was distinctly 
lower in this group than in the animals subjected 
to 39 to 41-hour equilibration-fasting intervals 
(cf. Table VI), in spite of the fact that the differ- 
ence in the mean K, between these two groups of 
animals was not significant. 

The exchangeable potassium content and the 
serum potassium concentrations are summarized 
in Table III. No significant difference in either 
K, or K, per kgm. of body weight was found be- 
tween the animals allowed 21 hours of equilibra- 
tion of radiopotassium and those allowed 40 hours. 
In 13 rabbits, in which equilibration-fasting pe- 


GASTROINTESTINAL POTASSIUM 


515 


TABLE IV 


The equilibration of K*/* with intraluminal gastrointestinal 
potassium in the rabbit * 


Specific activity ratiot 


Number Mean s.d. t Dp 
Stomach 23 1.00 +0.043 0 1.0 
Small intestine 23 1.01 +0.029 1.66 >0.1 
Cecum and trans- 
verse colon 1.01 +0.068 0.704 >0.4 
“Total” gastro- 
intestinal tract 23 1.01 +0.042 1.14 >0.2 


* K#/8C] was injected 39 to 41 hours prior to sacrifice; 
the rabbits were fasted during this period. 

t This ratio was obtained by dividing the specific ac- 
tivity of the gastrointestinal contents by the specific 
activity of the bladder urine. 


riods of 21 to 24 hours were employed, the K, 
averaged 52.343.5 mEq. per kgm. of body 
weight, while the mean K, in 23 rabbits after 39 to 
42 hours of equilibration was 49.9 + 3.3 mEq. per 
kgm. of body weight (0.10 >p> 0.05). The 
average K, for the combined series was 104.9 
mEq., or 50.7 mEq. per kgm. of body weight, 
with a coefficient of variation of 8.0 per cent (cf. 
Table III). 

The question of exchangeability of gut potas- 
sium at various levels of the gastrointestinal tract 
was explored by measuring the intraluminal spe- 
cific activity relative to bladder urine specific ac- 
tivity. These data are summarized in Table IV. 
All of the animals in this group were studied 39 to 
41 hours after the injection of radiopotassium. At 
all levels of the gastrointestinal tract the mean 
specific activity ratio did not differ significantly 
from a value of 1.00, being 1.00 + 0.043, 1.01 + 
0.029, 1.01 + 0.068, and 1.01 + 0.042 for the 
stomach, small intestine, cecum and proximal 
transverse colon, and the “total” gastrointestinal 


TABLE V 


The specific activity of erythrocyte potassium relative to 
bladder urine specific activity with respect to 
the time allowed for equilibration 
of radiopotassium 


R.B.C, specific activity 


Equilibration Bladder urine specific activity 
Number aoe Mean Range 
6 21-23 0.49 0.46-0.54 
6 40-41 0.66 0.61-0.77 


* A specific activity ratio of less than 1.0 indicates in- 
complete exchange equilibrium. 


ef 
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TABLE VI 


The intraluminal gastrointestinal potassium content in the rabbit * 


Stomach 


Small intestine 


Cecum and 


transverse colon “Total” G-It 


mEq. % of Ke 


mEq. 


of Ke 


21 21 


0.7 
+0.3 
0.3-1.7 


0.7 
+0.3 
0.3-1.6 


1.2 
+0.4 
0.5-2.2 


1.2 4. 
+0.4 3 
0.5-2.3 


of a Ys to the mid-transverse colon. 


tract, respectively. It is apparent, therefore, that 
intraluminal potassium is completely exchange- 
able with the body potassium pool. 

Radiopotassium dilution, even after 40 hours of 
equilibration, however, does not measure true total 
body potassium content. Erythrocyte potassium 
exchange is still incomplete 40 hours after in- 
jection. Red cell specific activity relative to 
bladder urine specific activity is 0.49 and 0.66 at 
21 to 23 and 40 to 41 hours of equilibration, re- 
spectively (cf. Table V). These findings agree 
closely with those of Corsa and his associates (1). 
Because of the short half-life of radiopotassium 
(K** = 12.4 hours, K** = 22.4 hours), it is im- 
practical to extend the period of tracer equilibra- 
tion beyond 40 hours. This technique does meas- 
ure approximately 95 per cent of body potassium, 
which is sufficient for the purposes of this study 
(1). 

The amount and distribution of intraluminal po- 
tassium is summarized in Table VI. “Total” gas- 
trointestinal potassium averaged 7.2+2.2 per 
cent of the K,. The cecum and proximal half 
of the transverse colon contained 4.5 + 2.7 per 


TABLE VII 


The potassium content of the distal colon and the rate of 
stool potassium excretion in the rabbit 


Descending colon Stool potassium 


and rectum per 24 hours 
Total G1 Total “ reer G-1 
mEq. potassium* mEq. potassium* 
Number 12 
+ saa period 30-45 hours 39-45 hours 
Mean 0.18 2.8 2.0 33 
Range 0.04-0.41 0. és. 0 0-5.0 0-87 


*“Total’’ G-I potassium refers to the intraluminal po- 
tassium content of the Sa tract from the 
cardia of the stomach to the mid-transverse colon. 


* Period of Ly yn J and equilibration of isotope was 39 to 41 hours. 
tT “Total” gf ge refers to the intraluminal potassium content of the gastrointestinal tract from the cardia 


cent of the K,, with lesser quantities in the small 
intestine and stomach, namely 1.2 + 0.4 and 0.7 + 
0.3 per cent, respectively. The potassium content 
of the proximal portion of the large bowel accounts 
for some 63 per cent of the total gastrointestinal 
potassium pool. In a similar series of rabbits the 
bulk of the gut sodium pool (72 per cent) was 
also found in the proximal segment of the large 
intestine (4). The range of values for gut potas- 
sium was quite large in spite of the rigid fasting 
conditions imposed. In this stu“y as little as 2.6 
per cent of the K, and as much as 13.9 per cent of 
the K, was contained in the gut. 

The distal colon contains very little potassium, 
some 2.8 per cent of the “total” intraluminal po- 
tassium, at the end of a 39 to 41-hour fasting pe- 
riod. Fecal excretion of potassium during a 39 
to 41-hour fasting period was moderate in abso- 
lute magnitude, 2 mEq. per day (range, 0 to 5 
mEq. per day), which is only 1.9 per cent of the 
mean K, (cf. Table VII). In relation to the 
pool size of gastrointestinal potassium, however, 
the fecal excretion rate is quite significant, amount- 
ing to 33 per cent of the “total” intraluminal po- 
tassium per day. In contrast, the rate of stool so- 
dium excretion averages 0.4 mEq. per day, which 
is only 2.6 per cent of the “total” intraluminal so- 
dium content (4). 

Fecal excretion of potassium in fed rabbits is of 
considerable absolute magnitude. Three rabbits 
allowed pellets * containing 53 mEq. of potassium 
per 100 grams, ad libitum, consumed 50 mEq. of 
potassium per day, or 50 per cent of their total 
exchangeable potassium content. In these animals 


fecal excretion rates varied from 4 to 13 mEq. of 


7 Pillsbury’s Best Foods, 16 per cent protein rabbit 
pellets. 
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mEq. % of Ke mEq. % of Ke 
Number 21 21 
Mean 5 4.5 
s.d. 1 +2.7 +2.2 
Range 1.5-11.4 2.9-15.6  2.6-13.9 
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potassium per day, which is from 65 to 200 per 
cent of the “total” gut potassium content in the 
fasting state. 


B. Human subjects 


The results obtained on postmortem examina- 
tion of human subjects are listed in Table VIII. 
The postmortem interval (the time between death 
and collection of gut contents) varied from 6 to 
22 hours. No gross correlation between the quan- 
tity of gastrointestinal potassium and the post- 
mortem interval is evident. Thirteen patients, 8 
males and 5 females, whose ages at death ranged 
from 50 to 77 years, were studied. The clinical 
and pathological features of these cases are sum- 
marized in the appendix to the first report in this 
series (4). To express the intraluminal gastroin- 
testinal potassium content in terms of the total 
labile pool of body potassium, a predicted K, was 
calculated for each case, taking into account the 
patient’s sex and body weight, from previously 
published normal values (14). Mean “total” 
gastrointestinal potassium was 0.44 mEq. per 
kgm. of body weight, or 1.0 per cent of the pre- 
dicted K,. The mean potassium content in the 
small intestine and proximal large intestine were 
equal, averaging 0.19 mEq. per kgm. of body 
weight, or 0.42 per cent of the predicted K,; the 
stomach contents contained an average of 0.06 
mEq. per kgm. of body weight, or 0.14 per cent 
of the predicted K,. In man studied postmortem 
the distribution of gut potassium differs from the 
distribution of gut sodium, in that the cecum and 
proximal transverse colon contain about 43 per 
cent of gut potassium as against 22 per cent of 
gut sodium, while the stomach contains 14 per 
cent of gut potassium compared to 28 per cent of 
gut sodium (4). 


DISCUSSION 


The concentration of potassium in the gastroin- 
testinal contents is almost always greater than that 
in plasma. In humans, the highest concentrations 
are found in saliva and small intestinal secretions, 
averaging 20 mEq. per liter and 11 mEq. per 
liter, respectively (6-8). The lowest concentra- 
tions are found in the biliary and pancreatic se- 
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cretions, where they approximate that in plasma. 
Nevertheless, intraluminal gastrointestinal potas- 
sium has been largely ignored in past considera- 
tions of the distribution of potassium in the body. 

Gastrointestinal potassium is obviously extra- 
cellular and is freely exchangeable with plasma po- 
tassium. The high concentrations of potassium 
in most gastrointestinal secretions are probably in- 
dicative of an active transport mechanism from 
blood to gut (15). Intestinal transport of both so- 
dium and potassium are affected by adrenal hor- 
mones. ACTH-treated nephrectomized rats, both 
fed and fasted, have an increased gut potassium 
content; conversely, adrenalectomy decreases the 
potassium content of the gut in rats (16). Adren- 
alectomy in dogs produces a sharp decrease in the 
rate of intestinal absorption of potassium, as well 
as of sodium and chloride, which is rectified by the 
administration of adrenal cortical hormones (17). 
It is likely, therefore, that both blood-to-gut and 
gut-to-blood transport of potassium involves active 
mechanisms dependent on energy-yielding meta- 
bolic processes. 

The gastrointestinal specific activity ratios of 
1.00, 1.01, 1.01, and 1.01 for stomach, small in- 
testine, proximal large bowel, and “total” gastro- 
intestinal contents, respectively, demonstrate the 
complete exchangeability of gastrointestinal po- 
tassium (cf. Table IV). Gastrointestinal potas- 
sium, is, therefore, an integral part of the total 
body pool of labile potassium, and is measured 
when the total exchangeable potassium is deter- 
mined by the isotope dilution technique. 

The amount of potassium contained in the gas- 
trointestinal tract of the rabbit greatly exceeds that 
found in the remainder of the extracellular fluid. 
Kruh¢gffer (18) estimated the volume distribution 
of inulin in rabbits to be almost 20 per cent of the 
body weight. This volume would contain approxi- 
mately 1.6 mEq. of potassium in a rabbit weighing 
2 kgm. The “total” gastrointestinal potassium 
content of rabbits fasting 39 to 41 hours averaged 
7.1 mEq., which is almost four and one-half times 
as much as in the interstitial-plasma compartment. 
Gut potassium could completely replace the inter- 
stitial-plasma potassium in rabbits in response to 
a metabolic need or contribute considerably to ab- 
normal elevations in serum potassium concentra- 
tions in pathological states. Swan and Pitts (19) 
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found that infusing acid loads in nephrectomized 
dogs resulted in a redistribution of body potassium 
and calculated a net increase of 31 mEq. of potas- 
sium in the interstitial-plasina fluid. It is con- 
ceivable that migration of potassium from gut to 
blood could account for a significant part of the 
increase in interstitial-plasma fluid potassium 
noted under these conditions. 

The pool size of gut potassium may be consid- 
erably smaller in man than in rabbits. A 70-kgm. 
man has approximately 50 mEq. of potassium in 
the plasma-interstitial fluid compartment as esti- 
mated by thiosulfate dilution (20). In the post- 
mortem studies on human subjects the intralumi- 
nal potassium content averaged 25 mEq., or ap- 
proximately 50 per cent of the remainder of ex- 
tracellular potassium (cf. Table VIII). These 
data obviously are not reliable, however, in mak- 
ing inferences relative to normal living subjects, 
since agonal influences may have induced marked 
shifts of potassium across the gut wall. 

The mean K, of young adult rabbits was 50.7 
mEq. of body weight in this study (Table III). 
This value differs significantly from the mean of 
56.1 mEq. of potassium per kgm. of body weight 
in rabbits reported by Corsa and his colleagues 
(1). The discrepancy between these two values 
in all probability is due to the differences in weight 
and age of the animals comprising each series. In 
this study the mean weight was 2.07 kgm., while 
in the study of Corsa and his colleagues (1) the 
mean weight was 1.06 kgm. Forbes and Perley 
(21, 22) have shown similar differences in ex- 
changeable sodium content (1.e., decreasing Nae 
per kgm. of body weight) between children and 
adult humans. The animals in our series were 
150 to 170 days old, while those reported by Corsa 
and his colleagues (1) were approximately 60 days 
old. Direct chemical analyses on sacrificed normal 
rabbits revealed a constant potassium content but 
an increase in body fat from approximately 4 per 
cent to 8 per cent of the body weight during this 
interval (23). 

The total exchangeable potassium content is 
measurably lower in adult man than in the rabbit, 
averaging 43 mEq. per kgm. of body weight (46.3 
mEq. per kgm. in males and 39.0 mEq. per kgm. 
in females) (14). This species difference may 
result, at least in part, from differences in intralu- 
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minal gastrointestinal potassium content. The 
estimated gut potassium content is 0.44 mEq. per 
kgm. of body weight in man at postmortem (Table 
VIII) and 3.5 mEq. per kgm. of body weight in 
rabbits. In other words, about half the difference 
in K, may be accounted for on the basis of the 
greater content of intraluminal potassium in 
rabbits. Intraluminal potassium content in living 
man may differ considerably, however, from the 
quantity found at postmortem. 

Gastrointestinal potassium amounts to 7.2 per 
cent of the K, in rabbits, with 63 per cent of the 
“total” intraluminal potassium, or 4.5 per cent of 
the K,, in the cecum and proximal half of the 
transverse colon (Table VI). This is similar to 
the intraluminal distribution of sodium, since 72 
per cent of gut sodium is contained in the proxi- 
mal portion of the large bowel (4). The distal 
colon, in contrast, was found to contain only 0.2 
per cent of the K,, or 2.8 per cent of “total” gastro- 
intestinal potassium. The rate of fecal excretion 
of potassium in the fasting rabbit averages 2 per 
cent of the K,, or 33 per cent of “total” gastroin- 
testinal potassium per day (Table VII). The 
rate of fecal excretion of potassium is about five 
times the rate of fecal sodium loss (4). The con- 
servation of potassium by the proximal large 
bowel in the fasting rabbit is considerably less effi- 
cient, therefore, than the conservation of sodium. 

In a group of 13 human subjects studied post- 
mortem after suffering from a variety of illnesses, 
the “total” gastrointestinal tract contained an av- 
erage of 1.0 per cent of the K,, with 0.14 per cent, 
0.42 per cent, and 0.43 per cent in the stomach, 
small intestine and proximal! colon, respectively 
(Table VIII). The variation in potassium con- 
tent of the gut is considerable, however, ranging 
from as little as 9 mEq. to as much as 84 mEq. in 
the cases studied. The distal colon may contain or 
transport quite large amounts of potassium as 
judged by analyses of enema returns. Dunning 
and Plum (24) found as much as 250 mEq. of 
potassium in a single tap water enema efflux in a 
patient with neurogenic bowel dysfunction. 

Methods for im vivo estimation of intracellular 
potassium are necessarily indirect. Such esti- 
mates, based on multiple tracer techniques when 
inulin or sucrose is used to measure extracellular 
fluid content, will be in error in proportion to the 


4 


520 


amount of potassium in the transcellular fluid of 
the animal under study (4). Estimations of the 
concentration of potassium in intracellular water 
by these methods will be too low, since the ratio of 
potassium to water in transcellular fluid is small 
compared to the ratio in intracellular fluid (2, 5-8, 
25). 


SUMMARY 


Intraluminal gastrointestinal potassium con- 
tent was measured in rabbits and in human sub- 
jects studied postmortem. In rabbits gut potas- 
sium was referred to the K,., as determined with 
K*?/48, In human subjects gut potassium was 
referred to predicted K, values. 

The total exchangeable potassium in rabbits 
averaged 50.7+4.0 mEq. per kgm. of body 
weight. Of this, an average of 7.2 + 2.2 per cent 
was contained in the “total” gastrointestinal tract, 
with 0.7 + 0.3 per cent in the stomach, 1.2 + 0.4 
per cent in the small intestine, and 4.5 + 2.7 per 
cent in the proximal half of the large intestine. 
Radiopotassium equilibrium was virtually com- 
plete at 40 hours after injection at all levels of the 
gastrointestinal tract, but not 24 hours after in- 
jection. No significant difference in K, or the 
quantity of intraluminal gastrointestinal potassium 
was found between sexes. 

Human subjects at postmortem examination had 
relatively small amounts of intraluminal gastroin- 
testinal potassium; the mean values were 1.0 per 
cent of the predicted K, in the “total” gastroin- 
testinal tract, with 0.14 per cent in the stomach, 
0.42 per cent in the small bowel, and 0.43 per cent 
in the proximal half of the large bowel. 

It is estimated that in the rabbit approximately 
80 per cent of the total extracellular potassium is 
located in the gastrointestinal tract. In man, it 
is estimated that one-third of the total extracellular 
potassium is located in the lumen of the gastro- 
intestinal tract postmortem. The relative quan- 
tity of intraluminal potassium in the normal living 
subject cannot be reliably inferred from these data, 
however. 
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Previous studies (1-8) from this laboratory 
have indicated that the hypercholesteremia and 
hyperlipemia occurring in the experimental ne- 
phrotic syndrome induced in rats by injection of 
anti-rat kidney serum are due primarily to some 


intravascular “trapping” phenomenon whereby the 
animal appears unable to remove either endog- 
enously-produced or dietary-derived cholesterol 
and lipid from the plasma with its customary 
efficiency. However, since renal changes seem- 
ingly initiate the total nephrotic syndrome, it seems 
probable that this “trapping” of cholesterol and 
lipid which occurs in the plasma in this syndrome 
is related in some manner to such renal changes. 
In the present study, an attempt was made to de- 
termine the nature of this relationship. The ob- 
servations herein reported suggest (a) that the 
hypercholesteremia and the hyperlipemia observed 
in the experimental nephrotic syndrome are initi- 
ated and maintained by the external renal loss of 
some plasma constituent, and (b) that this sub- 
stance specifically is albumin. 


I. The Relationship of Nephrotic Hyperlipemia 
and Hypercholesteremia to Renal Damage and 
External Renal Excretion 


Methods 


Drastic alteration in renal function was accomplished 
in several series of experimental and control male rats 
(Long-Evans strain) by 1) nephrectomy, 2) bilateral 
ligation of renal pedicles, 3) bilateral ureteral ligation, 
and 4) ureter-vena caval anastomosis. 

1) Control rats. Pooled rabbit anti-rat kidney serum 
(AKS) was prepared as described by Heymann and 
Lund (9). The hypercholesteremic effect of the AKS 


1 Aided by Grants from the American Heart Associa- 
tion, the San Francisco and Monterey County Heart 
Associations and from the National Institute of Arthritis 
and Metabolic Diseases, National Institutes of Health, 
Public Health Service, A-46 (C4) and Grant H-119 from 
the National Heart Institute, National Institutes of 
Health, Public Health Service, 


was established by injection of 1.0 ml. of it intravenously 
into 25 intact rats (group 1) and into 16 sham-operated 
(splenectomy) rats (group 2) that were bled 24 hours 
later for determination of plasma total cholesterol (10) 
and lipids (11). At the same time, 15 other normal con- 
trol rats (group 3) that had been injected with 1.0 ml. 
of normal rabbit serum were bled in order to establish 
normal plasma lipid levels. 

2) Nephrectomy. The second series of 45 rats was 
subjected to bilateral nephrectomy. Twenty-nine of these 
rats (group 4) were given intravenously 1.0 ml. of po- 
tent AKS immediately after the nephrectomy. The re- 
maining 16 nephrectomized rats (group 5) served as 
controls, receiving 1.0 ml. of normal rabbit serum. 
Blood samples taken 24 hours later were analyzed for 
total cholesterol and those of group 4 also for total lipids. 
In addition, five other rats (group 6) that had been fed 
a protein-electrolyte-free diet (12), enabling them readily 
to survive for at least five-days after nephrectomy, also 
were given 1.0 ml. of AKS immediately after nephrec- 
tomy. 

3) Bilateral ligation of the renal pedicles. A third 
series of rats (group 7) was subjected to bilateral ligation 
of the renal pedicles by a method which obviated the 
possible acute effects of anesthesia and laparotomy on 
the animals’ response to a hypercholesteremic excitant. 
This method consisted of the application of silk ligatures 
applied loosely around both renal pedicles. The two ends 
of the ligatures were exteriorized through incisions made 
in the opposite lateral abdominal walls and secured to 
the skin surfaces. The rats then were allowed to re- 
cover for 48 hours postoperatively, at which time the ex- 
teriorized ends of the ligatures were pulled taut, thus 
completely interrupting the blood supply to the kidney. 
At the completion of the experiment, all animals were 
autopsied and data were used only from those animals 
in which complete interruption of renal circulation was 
observed to have occurred. Eleven rats were ligated 
successfully in this fashion and immediately after were 
injected intravenously with 1.0 ml. of AKS. Blood sam- 
ples obtained 24 hours after ligation were analyzed for 
total cholesterol and lipids. 

4) Bilateral ureteral ligation. The fourth series of 37 
rats was subjected to bilateral ureteral ligation by ex- 
actly the same method described above except that a loose 
ligature was applied about the ureter of each kidney and 
then tightened 48 hours later. Twenty-four of these rats 
(group 8) were given intravenously 1.0 ml. of AKS im- 
mediately following ligation and the remaining 13 rats 
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(group 9) served as controls, receiving 1.0 ml. of normal 
rabbit serum. For additional control purposes, eight 
rats (group 10) that had been placed four days previously 
upon the uremia-retarding, protein and electrolyte-free 
diet were similarly ligated and injected with 1.0 ml. of 
AKS. 

All rats were sacrificed 24 hours after injection of AKS, 

at which time an antemortem laparotomy was performed 
and examination made to ensure effective ureteral liga- 
tion. In order to test the effect of the latter procedure 
upon the renal circulation, three rats of each group as 
well as five other normal rats were injected intravenously 
with 1.0 ml. of 0.1 per cent trypan blue and their renal 
pedicles clamped one minute later. The kidneys then 
were removed, examined grossly for their content of dye 
under the dissecting microscope and sections were em- 
bedded in paraffin blocks but left unstained. In addi- 
tion, sections of kidneys were obtained from five other 
rats of each group for staining with hematoxylin and 
eosin, Hotchkiss’ periodic acid-Schiff’s reaction and the 
Rinehart and Abul-Haj’s modified Hale stain, as de- 
scribed by Weinreb, Soules, and Wissler (13). At the 
time of sacrifice all rats were bled for determination of 
total cholesterol and those of group 8 also for total 
lipids. 
The effect of pre- 
venting external loss of urine was studied further by 
devising an operation which although allowing glomerular 
filtration, nevertheless prevented external urine loss by 
its diversion into the inferior vena cava. 


5) Ureter-vena caval anastomosis. 


Under ether anesthesia, the abdomen of the rat was in- 
cised, the right ureter was doubly ligated and severed 
about 12 mm. from the renal pelvis. The proximal liga- 
ture, attached to a straight needle, was introduced via 
the right inferior lumbar vein into the inferior vena cava. 
The wall of the inferior vena cava opposite and slightly 
below the entrance of the lumbar vein was pierced with 
the needle and the ligature thus was pulled through this 
puncture until a small portion of its attached ureter also 
was withdrawn the lumen of the inferior vena 
cava. The attachment of the ligature was then cut and 
the now patent distal end of the ureter was retracted 
back into the inferior vena cava to lie free to discharge 
urine therein. Simple pressure successfully prevented all 
bleeding from both the inferior lumbar vein and the vena 
cava. After this was done a loose ligature was placed 
around the pedicle of the left kidney and its ends brought 
out and secured to the skin surface as described previ- 
ously. Three days later, under light ether anesthesia, 
the latter ligature was tightened to occlude completely 
the vascular pedicle of the left kidney (confirmed by 
subsequent autopsy ). 

Seven anuric rats (group 11) of this kind were ob- 
tained and injected with 1.0 ml. of AKS immediately 
after the ligation of the left renal pedicle. This last 
procedure of course produced a rat having its one func- 
tioning kidney emptying its urine into the venous circu- 
lation. For control purposes, a loose ligature was placed 
about only the left renal pedicle of three otherwise nor- 
mal rats (group 12) and 72 hours later, the ligatures 
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were tightened and the rats then were injected with 1.0 
ml. of AKS. Blood samples obtained 24 hours after the 
injection of AKS were analyzed for total cholesterol. 
Just before sacrifice, each animal was injected with trypan 
blue and sections of the right kidneys of all rats were 
obtained and stained, as described above. 


Results 
A. Control rats 


As shown in Table I the injection of anti-kidney 
serum into the control rats induced a rapid rise in 
plasma cholesterol, an average of 154 mg. per 100 
ml. being observed 24 hours later in the intact rats 
(group 1) and 126 mg. per 100 ml. in the sham- 
operated rats (group 2), in contrast to the aver- 
age plasma cholesterol of 64 mg. per 100 ml. in the 
control rats injected with normal rabbit serum 
(group 3). A parallel rise of total lipids occurred 
in the animals given anti-kidney serum. 


B. Effect of removal of kidneys upon hypercho- 
lesteremic effect of AKS 


As Table I indicates, the removal of both kid- 
neys prevented the hypercholesteremic effect of in- 
jected AKS. Thus the degree of hypercholes- 
teremia (82 mg. per 100 ml.) in the nephrecto- 
mized rats injected with AKS (group 4) was es- 
sentially the same as that in the control nephrec- 
tomized rats given normal rabbit serum (group 5) 
and considerably below that found in the intact 
(group 1) or sham-operated control rats (group 
2). The possible debility of these uremic rats 
moreover was not responsible for their failure 
to respond to the hypercholesteremic effect of 
AKS since similar negative results were observed 
in the nephrectomized rats maintained upon the 
uremia-retarding diet (group 6). 

Functional nephrectomy, achieved by bilateral 
ligation of the renal vascular pedicles (group 7), 
likewise prevented the usual hypercholesteremic 
response to injection of AKS. The bilateral 
nephrectomy or renal vascular pedicle ligation 
similarly prevented the rise of total lipids in the 
plasma which occurred in the control nephrotic 
rats (groups 1 and 2). 


C. Effect of prevention of external urine excre- 
tion upon hypercholesteremic effect of AKS 


1) Bilateral ureteral ligation. The injection of 
AKS into rats in whom external renal excretion 


= 


Series Group 


1) Controlrats 
1. Intact-injected-AKS* 
2. Sham-operated-injected-AKS 
3. Intact-injected-N RS} 

2) Bilateral nephrectomy 

4. Injected-AKS 

5. Injected-NRS 

6. Injected-AKS (special diet) 


3) Bilateral ligation of renal pedicles 
7. Injected-AKS 


4) Bilateral ureteral ligation 
8. Injected-AKS 
9. Injected-NRS 
10. Injected-AKS (special diet) 


Unilateral ureter-vena caval anastomosis 
(left renal pedicle ligated) 


11. Right ureter anastomosed : injected-AKS 
12. Control-right ureter intact: injected-AKS 


~ 


* AKS = Rabbit anti-rat kidney serum. 

+ NRS = Normal rabbit serum. 

t Figures in parentheses refer to range of values. 
§ Standard error of the mean. 


was completely abolished by bilateral ureteral liga- 
tion (group 8) did not lead to a greater degree 
of hypercholesteremia than that shown by the con- 
trol rats, similarly operated, but injected with 
normal rabbit serum (group 9). Again the slight 
rise in cholesterol that was observed was that ex- 
pected in the uremic animal (14) and again was 
considerably below that observed in both the in- 
tact (group 1) and sham-operated controls (group 
2). Here again, as Table I indicates, even less of 
a rise in plasma cholesterol was observed in the 
ureter-ligated rats maintained on the special diet 
(group 10), ensuring a relatively good condition 
during the experimental interval. 

The kidneys of the ureteral-ligated rats (groups 
8, 9, 10) that were injected with trypan blue ex- 
hibited both grossly and microscopically almost 
as intense staining as that observed in the kidneys 
of the five normal rats similarly injected.  Al- 
though this suggested that the integrity of the re- 
nal circulation was preserved during the 24-hour 
experimental interval, it seems likely that ligation 
of the ureters did affect the intrarenal circulation 
to some extent. On the other hand, it is unlikely 
that the latter would in the present instance affect 


TABLE I 


Plasma lipids in rats injected with rabbit anti-kidney serum following various procedures 
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Plasma concentrations 
(24 hr. after injection of rabbit serum) 


No. of wt. Total lipids Total cholesterol 
rats (gm.) (mg./100 ml.) (mg./100 ml.) 
25 184 373 (309-476)t 154(103-246)+6.6§ 
16 166 435 (304-676) 126(96-171)+5.6 
15 195 215(120-320) 64(48-73)+1.3 
29 209 180 (133-250) 82(55-103)+2.7§ 
16 185 90(72-115)+2.8 

5 160 92 (80-131) +2.8 
11 175 247 (132-298) 98 (77-113) +4.0 
4 166 280 (193-365) 87 (64-110)+2.4 
13 178 98(71-114)+3.6 
8 150 67 (48-76) +1.2 
7 236 88 (78-107) +2.6 


3 220 144(113-196)+21.4 


the development of AKS-induced renal changes 
since AKS-antibodies are deposited in the kidney 
with great rapidity after their injection. That 
such is the case was suggested by comparison of 
the stained sections of the ureteral-ligated rats 
with those of the control rats (group 12) also 
injected with AKS 24 hours prior to study. 
Although neither the experimental nor the con- 
trol rats exhibited the marked glomerular capil- 
lary basement membrane thickening and accu- 
mulation of acid mucopolysaccharide between the 
glomerular loops which are found at a later in- 
terval after injection of AKS (9, 13), both the ex- 
perimental and control rats exhibited character- 
istic early glomerular changes which included a 
neutrophilic infiltrate, some loss of the delicate 
markings of the capillary tufts, and some accumu- 
lation of iron-positive mucoid material between the 


capillary loops. Both groups of rats also exhibited 
typical tubular changes, especially of the proximal 
convoluted tubules, including granularity, paleness 
and decreased staining of the epithelium (9, 13). 
Necrosis of glomeruli or of tubular cells was not 
observed in any rats. 

2) Ureter-vena caval anastomosis. Similar 
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cholesterol and lipid results were obtained in the 
uninephrectomized rats whose remaining ureters 
emptied their contents back into the venous circu- 
lation (group 11). Thus, despite the fact that 
blood was circulating in the kidney and the glo- 
meruli were functioning (see below), their hyper- 
cholesteremic response to AKS was the expected 
one from uremia alone (Compare with groups 5 
and 9) and far below that observed in the control 
rats (group 12) which excreted urine in the usual 
fashion. 

Similar to the findings in the kidneys of the 
ureteral-ligated rats, the kidneys of the rats with 
the ureter-vena caval anastomosis exhibited al- 
most as intense staining with trypan blue as that 
observed in the kidneys of the control rats. Again 
varly glomerular changes, similar to those de- 
scribed above, were observed in both groups (Fig- 
ure 1). The tubular changes which included the 
presence of considerable amounts of excreted pro- 
tein material in most of the tubules, appeared to 
be comparable in both the experimental and con- 
trol groups, as shown in Figure 2. The finding 
of “proteinuria” demonstrates the altered glo- 
merular function induced by AKS in both groups 
of rats. 


Il. The Role of Plasma Albumin Deficiency in 
Nephrotic Hyperlipemia and Hyper- 
cholesteremia 


The previous studies suggested that the e+- 
ternal loss of some plasma substance(s) via the 
urine of the rat, following injection of AKS, was 
the sine qua non for the development of the hyper- 
cholesteremia and hyperlipemia of the experimental 
nephrotic syndrome. Since albumin is one of the 
plasma substances known to be excreted in great 
quantity in this syndrome, studies were pursued to 
determine if the external loss of this substance 
was responsible for the development of this hy- 


perlipemia and hypercholesteremia. 


METHODS AND RESULTS 


A. The effect of anti-kidney serum injection on 
plasma protein concentrations 
Methods. Twelve male, Long-Evans rats (weight: 


150 to 172 gm.) were bled from the tail one week prior 
to injection of 1 ml. of potent AKS and all rats again 
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were bled 24 hours following this injection. Each sample 
of blood plasma was analyzed for total cholesterol and 
total lipids, and for total protein and albumin concentra- 
tions (15). In addition, urine was collected from 5 of 
the rats during a 24-hour interval prior to and again 
following injection of AKS, and analyzed for total pro- 
tein content (16). 

Results. The results are shown in Table II in 
which it can be seen that injection of AKS in- 
duced marked renal loss of protein sufficient to 
lower markedly plasma total protein and albumin 
concentrations within a 24-hour interval following 


injection of the immune serum. A concomitant 


rapid rise of total lipids and cholesterol was 
observed. 


Fic. 1. (Mopirrep Hate Stain X 400.) GLoMERULI 
oF Rat witH UReETER-VENA CAvAL ANASTOMOSIS 24 
Hours AFTER INJECTION OF AKS, SHOWING ENLARGED 
GLOMERULI AND INCREASE OF IRON-PosITIVE MATERIAL 
BETWEEN THE GLOMERULAR Loops 


af 
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Fic. 2. (HEMATOXYLIN AND Eostn.) Top X 100— 
Low Power View SHOWING PROTEIN IN RENAL TUBULES 
or Controt Rat 24 Hours arrer AKS_ INJECTION. 
X 100 Bottom 400—Low MEpIuM 
Power Views oF Rat witH Ureter-VENA CavaAL ANAS- 


TABLE II 


Plasma protein and lipid changes induced by 
injection of anti-kidney serum * 

24 hours 

after AKS 

injection 


Prior 
to AKS 
injection 


Average plasma concentrations 
lotal cholesterol 48 153 
(mg./100 ml.) (39-63)t (103-243) 


Total lipids 183 407 
(mg./100 ml.) (135-227) (230-625) 


Total protein 5.9 
(gm./100 ml.) (5.4-6.3) (3.44.8) 


2.34 
(2.03-2.63) 


0.86 
(0.43-1.44) 


Total albumin 
(gm./100 ml.) 


Average urine content 
Potal protein 
(mg./24 hr.) 


359t 
(135-585) 


21t 
(16-30) 


* Twelve rats. 
+ Range of values. 
Five rats only. 


B. The effect of albumin infusion on plasma pro- 
teins and lipids of rats injected with anti- 
kidney serum 


Methods. Fach of a series of 40 rats was subjected 
to abdominal laparotomy under ether anesthesia during 
which an inferior lumbar vein was cannulated with a 
polyethylene cannula which was exteriorized through a 
stab wound. Following closure of the incision the rats 
were individually caged in restraining units and the in- 
travenous cannulae were connected to a special infusion 
apparatus designed to inject 0.3 ml. of solution per hour 
continuously during a 24-hour interval. Each rat then 
was injected with one ml. of potent AKS. During the 
ensuing 24-hour interval 24 of the rats were each con- 
tinuously injected with a 20 per cent aqueous solution of 
bovine serum albumin and the remaining 16 control ani- 
mals were similarly infused, but with 0.45 per cent so- 
dium chloride solution. The latter was used in the 
control rats because its retention in nephrotic plasma 
would probably induce some degree of hemodilution ap- 
proximating that induced by infusion of albumin. Ap- 
proximately 7.0 ml. of fluid thus was injected into each 
rat over the 24-hour period. All rats then were bled for 
determination of total lipids, total cholesterol and total 
protein and albumin. Hematocrit determinations also 
were made in 12 rats of each group in order to evaluate 
any difference in hemodilution. 

In order to prevent the renal loss of the infused albu- 
min solution, another group of rats was nephrectomized 
prior to the infusion. Thus a group of 10 rats was in- 


tomosis 24 Hours AFTER AKS INJECTION, SHOWING PRo- 
TEIN IN RENAL TUBULES, GLOMERULAR CHANGES AND 
GRANULARITY, SWELLING AND PALE STAINING OF TUBULES 
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TABLE III 


Pre- 


nephrectomy 


Total 
Infusion 


‘I. Rats injected with AKS prior to infusion 


1. Rats with intact kidneys 
Albumin 24 


Saline 16 


2. Nephrectomized rats 
Albumin 


Saline 
(53-91) 


cholesterol 
fluid ats . (mg./100 ml.) 


85 
(65-115) 
72 


Average plasma concentrations 


Following 24-hour infusion 


Total Total 
cholesterol ipi 
(mg./100 ml.) 


Total 
protein 
(gm./100 ml.) 


Albumin 
(gm./100 ml.) 


ipids 
(mg./100 ml.) 

101 282 6.79 
(46-145)* (150-349) (4.82—7.98) 

169 3 4.78 
(87-277) 


49 7.37 
(44-63) (6.86-8.66) 
107 2.11 


(97-121) (1.93-2.27) 


4.67 
(3.13-8.20) 
1.85 


(233-427)  (4.08-5.68)  (0.90-2.80) 


(198-292) 


Normal control rats 


None 


* Range of values. 


jected with the AKS and subjected to bilateral nephrec- 
tomy 16 hours later. During the ensuing 24-hour post- 
operative interval 5 of the rats were infused with the al- 
bumin solution and 5 with saline, as described above. 
All rats were bled for determination of total cholesterol 
at the time of nephrectomy and again for total lipids, 
total cholesterol and albumin following the infusion 
interval. 


Results. The results are shown in Table III. 
The plasma concentrations obtained from 12 nor- 
mal rats (from Table Il) also are included for 
purposes of comparison. The control rats that 
were infused with saline for 24 hours following 
injection of AKS exhibited a fall of total protein 
and albumin and a rise of total lipids and choles- 
terol in their plasma similar to that observed in 
the untreated nephrotic rats (see Table II). In 
contrast, as also shown in Table III, the infusion 


48 183 
(39-63) (135-227) 


2.34 
(2.03-2.63) 


5.90 
(5.40-6.30) 


of albumin for 24 hours following injection of 
AKS prevented the usual fall of plasma total pro- 
teins and albumin in this group of rats, and their 
rise of plasma total lipids and cholesterol was of 
considerably lesser magnitude in comparison to 
the control animals and entirely prevented in a 
number of these rats. No outward evidence of 
toxicity was apparent in either group of rats. 
The observed differences were not found due to 
significantly different states of hemodilution since 
the average hematocrit in 12 rats infused with al- 
bumin solution was 42 (Range: 35 to 50) while in 
the control rats infused with saline the average 
hematocrit was 50 (Range: 44 to 56). 

At the time of nephrectomy, performed 16 hours 
after injection of the AKS, only a moderate rise 
of the average plasma cholesterol had occurred. 


TABLE IV 


Effect of albumin infusion on plasma lipids and proteins of rats with previously 


established nephrotic hypercholesteremia 


Infusion 
fluid 


Albumin. 


Saline 


* Range of values. 


Average plasma concentrations 


Prior to 


infusion Following 24-hour infusion 


Total 
albumin 
(gm./100 ml.) 
3.38 
(2.27—4.35) 


1.37 
(1.05-2.77) 


Total 
cholesterol 
(mg./100 ml.) 


159 
(54-286) 
226 


‘Total 
cholesterol 
(mg./100 ml.) 
239 
(124-325)* 
220 
(117-325) 


(135-336) 


Effect of albumin infusion on plasma proteins and lipids of intact and nephrectomized rats injected with anti-kidney serum a 
150 
Aver. 
| No. of wt. 
rats (gm.) 
| 8 152 
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TABLE V 


Changes in plasma lipids and albumin following completion of albumin infusion in rats injected with AKS 


Prior to 
infusion 
Total 
cholesterol* 
(mg./100 ml.) 


Aver. 
Type of wt. 
infusion (gm.) 


Albumin 


Saline 


172 


97 
(41-133)t 
99 


168 
(44-188) 


* Sixteen hours after AKS injection. 
+ Range of values. 


Removal of the kidneys prevented further renal 
loss of albumin and, as shown in Table III, al- 
bumin infusion into the nephrectomized rats previ- 
ously injected with AKS was associated with a 
fall of their plasma cholesterol to normal levels. 
The concentration of plasma lipids and cholesterol 
in the saline-injected group was also of lesser mag- 
nitude than in the saline-treated control rats with 
intact kidneys, the further slight rise of cholesterol 
following nephrectomy in these rats being ascribed 
to the effect of nephrectomy per se on the blood 
lipids (see Table I). 


C. The effect of albumin administration on plasma 
albumin and lipids of rats with previously es- 
tablished nephrosis 


Methods. Fourteen rats were each injected with one 
ml. of potent AKS and one week later all rats were bled 
for determination of total cholesterol. Each rat was sub- 
jected to cannulation of the lumbar vein as described 
above. During the ensuing 24-hour interval eight rats 
were infused with 7.0 ml. of 20 per cent solution of bo- 
vine albumin and the remaining six control animals were 
each injected with 7.0 ml. of 0.45 per cent saline solu- 
tion. At the end of the 24-hour infusion interval all 
rats were bled for determination of total cholesterol and 
albumin concentrations. 

Results. In Table IV it can be seen that the 
control nephrotic rats, following the infusion of 
saline solution, exhibited no significant change in 
their plasma cholesterol levels. However, as ob- 
served in the previous experiment, the infusion of 
albumin again considerably raised the plasma al- 
bumin levels above those of the controls. These 
rats, as might now be expected, exhibited a fall in 
their plasma cholesterol levels, in contrast to the 


control rats. 


Average plasma concentrations 


Following infusion 
Immediately 
after infusion 

Total 
cholesterol 
(mg./100 ml.) 


24 hours after infusion terminated 


Total 
albumin 
(gm./100 ml.) 


Total 
lipids 
(mg./100 ml.) 


Total 
cholesterol 
(mg./100 ml.) 


1.58 
(1.03-2.29) 
1.00 
(0.74-1.57) 


194 823 
(79-279)  (194-1,360) 
22 920 


221 


(87-277) (109-336)  (375-1,970) 


D. The effect of stopping the infusion of albumin 
on the plasma lipids and cholesterol of rats 
injected with anti-kidney serum 


Methods. Ten rats were each injected with 1.0 ml. of 
potent AKS and bled for determination of total cho- 
lesterol 16 hours later. As described above, each rat 
then was subjected to cannulation of a lumbar vein and in 
the ensuing 24-hour interval, 5 of the rats were continu- 
ously infused with 7.0 ml. of the serum bovine solution 
(20 per cent) and 5 of the rats, serving as controls, were 
infused with 0.45 per cent saline solution. All animals 
then were bled for determination of total cholesterol. 
The infusion then was discontinued and 24 hours later 
both the experimental and control rats were bled for 
determination of total lipids, total cholesterol and albumin. 

Results. The results of the analyses are shown 
in Table V in which it can be seen that 16 hours 
after injection of AKS only a moderate hypercho- 
lesteremia hgd developed in both the experimental 
and control rats. The average plasma cholesterol 
of the control rats receiving the saline infusion 
however, continued to rise progressively not only 
during the infusion interval but 24 hours after 
the latter’s discontinuance, at which time marked 
hyperlipemia and hypoalbuminemia also were ob- 
served. In contrast, continuous infusion of the 
albumin solution into the experimental rats pre- 
vented further rise of the plasma cholesterol during 
the period of infusion. However, 24 hours after 
the infusion had been discontinued, their plasma 
cholesterol and lipids rose to levels comparable to 
those observed in the control rats. At this time 
too, the plasma albumin content of both groups 
of rats was approximately the same. By com- 
parison with the data in Tables III and IV it can 
be seen that there was a rapid disappearance of 
the infused albumin (17, 18). This suggests of 
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course that, with the discontinuance of the albumin 
infusion, the experimental rats lost their artificially 
maintained elevated plasma albumin levels and in 
so doing, again became markedly hypercholestere- 
mic and hyperlipemic. 


DISCUSSION 


Previously it was found that the hyperlipemia 
and hypercholesteremia of the nephrotic rat are 
of endogenous origin (2) and cannot be ascribed 
to any increased intestinal absorption (3) or de- 
creased intestinal excretion (5). Moreover it was 
shown that the hepatic synthesis of cholesterol, the 
major source of the plasma cholesterol (19) is 
not increased in the nephrotic rat (4). Further- 
more, it was found that the rise of lipids and cho- 
lesterol in the nephrotic rat is an isolated accumu- 
lation confined to the plasma, apparently con- 
sequent to a failure in the usual transfer and 
egress of cholesterol and other lipids from the 
plasma into the liver (6). In other words the iso- 
lated rise of plasma lipids appears due to a “trap- 
ping” phenomenon in the plasma (8), an effect 
which is probably augmented by the rise of cholate 
which also occurs in the nephrotic state (1). 
There is an associated endogenous chylomicro- 
nemia (7). 

The presently reported experiments indicate 
that this “trapping” phenomenon is intimately re- 
lated to and indeed initiated by a primary renal 
derangement. This is understandable because ap- 
parently the total experimental nephrotic syndrome 
stems from some initial reaction between renal 
tissue and the anti-kidney serum. The failure of 
nephrotic hypercholesteremia and hyperlipemia to 
appear in the absence of renal tissue was demon- 
strated previously by Heymann and Hackel (20). 
The present observations confirm their finding that 
viable renal tissue must be present for the initial 
renal reaction leading to the development of ne- 
phrotic hypercholesteremia and hyperlipemia in 
the experimental animal. The data further indi- 
cate, however, that the rise of plasma lipids will 
not occur, despite the demonstrated occurrence of 
the AKS-induced renal damage, unless an ex- 
ternal loss of some plasma constituent occurs in 
the urine, either as a result of or in association 
with this renal damage. This was shown by the 
finding that if the external loss of urine by the 


529 


kidney was prevented by ureteral ligation or 
ureter-vena caval anastomosis, the development of 
nephrotic hypercholesteremia and hyperlipemia 
was prevented despite the occurrence of the typi- 
cal lesions both in the glomerulus and tubules. 

These observations therefore indicate that the 
rise of plasma lipids is initiated by the external 
renal loss of some plasma constituent via the urine. 
The present observations further suggest that this 
particular substance lost in the urine is plasma 
albumin, because when sufficient albumin was 
given to AKS-injected rats to overcome the 
plasma deficit otherwise resulting from its rapid 
renal loss (17), hyperlipemia and hypercholes- 
teremia either were prevented or markedly in- 
hibited during the induction stage as well as ameli- 
orated in the previously established nephrotic state. 
Furthermore, the subsequent rapid disappearance 
of the infused albumin from the circulation (17, 
18) of some of these rats was associated with a 
concomitant rapid rise of serum lipids and choles- 
terol of similar magnitude to that of the control 
nephrotic rats. 

The induced rise of plasma albumin to normal 
or greater levels was not associated with a fall of 
the plasma lipids and cholesterol entirely to nor- 
mal concentrations in all rats. This may be due 
to the fact that bovine serum albumin, because of 
its ready availability, was used in these studies in- 
stead of concentrated rat serum albumin, and the 
physico-chemical state of such albumin is some- 
what altered during the procedures used in its 
preparation and purification. Moreover, the 
egress of excess lipid from the circulation is a 
gradual process even in the normal animal (21), 
and a similar situation would obtain in the ne- 
phrotic rat despite alleviation of the metabolic 
block which otherwise prevents the usual egress 
of cholesterol and other lipids from the plasma in 
such rats. 

Various observers (22-31) have failed to find 
a close inverse correlation between lowered plasma 
protein and elevated lipid content in both clinical 
and experimental nephrosis. However, deter- 
minations of total protein, rather than of the al- 
bumin fraction, generally were done and since 
globulins rise in nephrotic plasma (32), conclu- 
sions based upon such determinations may not be 
valid. Indeed, when the correlation between ele- 
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vated plasma lipids and lowered albumin rather 
than total protein has been studied, a much closer 
inverse relationship has been found in nephrotic 
patients (33, 34). A rise of plasma albumin, when 
induced by ACTH in nephrotic patients, is associ- 
ated with a fall of plasma cholesterol regardless of 
the pattern of diuresis (35), and during clinical 
remissions in nephrotic patients it has been ob- 
served that shifts of plasma cholesterol and albu- 
min occur together, both reaching normal levels 
nearly simultaneously (34). Moreover, no sig- 
nificant hyperlipemia and hypercholesteremia are 
observed as a consequence of the renal damage oc- 
curring in glomerular nephritis (25, 26) or in the 
many diverse states in which the nephrotic state 
may occur (35) unless there is excessive urine 
protein loss (26, 36, 37). In other words, the 
common denominator for “nephrotic” lipemia does 
not appear to be the renal lesion per se but the 
external renal loss of plasma albumin sufficient to 
induce hypoalbuminemia. This is consonant with 
the finding that a similar inverse plasma lipid-pro- 
tein relationship has been observed clinically and 
experimentally in such other non-nephritic con- 
ditions in which plasma albumin is lowered as re- 
peated blood loss in animals (38-40) and man 
(41), in patients with severe proteinuria due to 
constrictive pericarditis and renal thrombosis 
(37), in rats treated with DCA (42) or con- 
comitantly with renin and adrenocortical steroids 
(42), in dogs fed low protein diets (43), and in 
animals made proteinuric by a nephrotoxin such 
as uranium (44). 

Although the present data suggest that hypoal- 
buminemia initiates and maintains the processes 
both of hyperlipemia and hypercholesteremia, the 
sequential mechanism remains unclear. How- 
ever, albumin is an essential component of lipemia- 
clearing processes (45) and the hydrolysis of 
plasma fats is markedly inhibited by the absence 
of adequate plasma albumin with available binding 
sites for fatty acids (45). The accumulation of 
plasma lipids may result from an inadequate sup- 
ply of albumin for transport of these lipid break- 
down products (46) from the plasma into the 
tissues and may in turn be responsible for the hy- 
percholesteremia. In support of this last hypothe- 
sis is the recent finding in this laboratory (47) 
that an experimentally induced hyperlipemia 
quickly produces a hypercholesteremia. It thus 
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is quite possible that the hypercholesteremia ob- 
served in the nephrotic state does not represent 
an initial or intrinsic error in cholesterol metabo- 
lism but a passively induced phenomenon second- 
ary to the “heaping up” of lipids in the plasma 
consequent to the deficiency of plasma albumin. 
It is of considerable interest that Albrink, Man, 
and Peters (48) recently proposed the possibility 
of such a mechanism following their discovery of 
the preferential solubility of cholesterol in the 
neutral fat of plasma. It is also of interest that 
some years ago Addis (49), in considering the 
mechanism of nephrotic lipemia, hypothesized that, 
“In some such manner we can . . . see the milky 
plasma as the result of an absence of plasma pro- 
tein molecules that have . . . transport function. 
Then the fatty acid molecules . . . would be left 
free in the water of the plasma and they would 
coalesce into the little fat globules that make the 
creamy emulsion we see.” .. . “The lipemia may 
be a result of the decrease or absence of certain 
protein elements between whose layers fatty acid 
molecules usually lie recessed. We may suppose 
these proteins carry the fat in molecular dispersion 
and obviate their coalescence into droplets. Li- 
pemia may thus be a manifestation of an inade- 
quate transport system analogous to a traffic jam 
on the road... .” 


SUMMARY 


The prevention of external loss of urine in rats, 
either by ureteral ligation or by ureteral-vena 
caval anastomosis invariably prevented the hyper- 
cholesteremia and hyperlipemia otherwise ob- 
served following injection of rabbit anti-rat kid- 
ney serum. This suggests that the cholesterol 
and lipid abnormality observed in experimentally 
induced nephrosis is secondary to the external 
loss of one or more plasma substance. 

Prevention or correction of the plasma albumin 
deficiency in the nephrotic rat was observed to 
inhibit markedly the hypercholesteremia and hy- 
perlipemia otherwise occurring in association with 
the decreased plasma albumin induced by injection 
of anti-kidney serum. 

It is suggested that the hyperlipemia and hyper- 
cholesteremia occurring in experimentally induced 
nephrosis result from the deficiency of circulating 
plasma albumin occurring in this disorder. 


he 

| 

i 

. 

4 

i 


CAUSAL ROLE OF HYPOALBUMINEMIA IN NEPHROTIC LIPEMIA 


ACKNOWLEDGMENT 


We wish to express our thanks to Dr. Sanford L. 
Steelman of the Armour Laboratories for the bovine se- 
rum albumin which was used in these studies. 


REFERENCES 


1. Rosenman, R. H., Friedman, M., and Byers, S. O., 
Observations concerning the cholate: Cholesterol 
relationship in clinical and experimental nephro- 
sis. J. Clin. Invest., 1953, 32, 121. 

. Friedman, M., Rosenman, R. H., and Byers, S. O., 
The role of exogenous lipids in the hyperlipemia 
and hypercholesteremia of nephrotic rats. J. Clin. 
Invest., 1954, 33, 1103. 

. Rosenman, R. H., Friedman, M., and Byers, S. O., 
Intestinal absorption of cholesterol by the ne- 
phrotic rat. Circ. Res., 1954, 2, 256. 

. Byers, S. O., Friedman, M., and Rosenman, R. H., 
Hepatic synthesis of cholesterol in nephrotic rats. 
Am. J. Physiol., 1954, 178, 327. 

. Byers, S. O., Rosenman, R. H., and Friedman, M., 
The intestinal excretion of cholesterol and total 
lipids by the nephrotic rat. Am. J. Physiol., 1955, 
182, 73. 

. Rosenman, R. H., Friedman, M., and Byers, S. O., 
The distribution of cholesterol and total lipids in 
the nephrotic rat. J. Clin. Invest., 1955, 34, 700. 

. Byers, S. O., and Friedman, M., Observations con- 
cerning the production and excretion of cholesterol 
in mammals. XIII. Role of chylomicra in trans- 
port of cholesterol and lipid. Am. J. Physiol. 
1954, 179, 79. 

. Friedman, M., Rosenman, R. H., and Byers, S. O., 
Deranged cholesterol metabolism and its possible 
relationship to atherosclerosis: A review. J. 
Gerontol., 1955, 10, 60. 

. Heymann, W., and Lund, H. Z., Nephrotic syndrome 
in rats. Pediatrics, 1951, 7, 691. 

. Zlatkis, A., Zak, B., and Boyle, A. J., A new method 
for the direct determination of serum cholesterol. 
J. Lab. & Clin. Med., 1953, 41, 486. 

. Bragdon, J. H., Colorimetric determination of blood 
lipides. J. Biol. Chem., 1951, 190, 513. 

2. Ledingham, J. M., The influence of the adrenal on 
the water and electrolyte disturbances following 
nephrectomy and its relation of renoprival hyper- 
tension. Clin. Sc., 1954, 13, 535. 

. Weinreb, M. S., Soules, K. H., and Wissler, R. W., 
Quantitative studies of acute nephrotoxic nephri- 
tis in rats. Am. J. Path., 1954, 30, 311. 

. Svanborg, A., Studies on renal hyperlipemia. 
med. Scandinav., 1951, vol. 141, Suppl. 264. 

. Wolfson, W. Q., Cohn, C., Calvary, E., and Ichiba, 
F., Studies in serum proteins. V. A rapid pro- 
cedure for the estimation of total protein, true al- 
bumin, total globulin, alpha globulin, beta globu- 
lin, and gamma globulin in 1.0 ml. of serum. Am. 
J. Clin. Path., 1948, 18, 723. 


Acta 


531 


16. Kolmer, J. A., and Boener, F., Approved Laboratory 
Technique. 2nd Edition. New York, Appleton 
Century, 1938. 

17. Drabkin, D. L., and Marsh, J. B., Metabolic chan- 
neling in experimental nephrosis: I. Protein and 
carbohydrate metabolism. J. Biol. Chem., 1955, 
212, 623. 

. Luetscher, J. A., Jr., Hall, A. D., and Kremer, V. L., 
Treatment of nephrosis with concentrated human 
serum albumin. I. Effects on the proteins of body 
fluids. J. Clin. Invest., 1949, 28, 700. 

. Friedman, M., Byers, S. O., and Michaelis, F., Pro- 
duction and excretion of cholesterol in mammals. 
IV. Role of liver in restoration of plasma cho- 
lesterol after experimentally induced hypocholes- 
teremia. Am. J. Physiol., 1951, 164, 789. 

. Heymann, W., and Hackel, D. B., Role of kidney in 
pathogenesis of experimental nephrotic hyper- 
lipemia in rats. 
1955, 89, 329. 

. Friedman, M., Byers, S. O., and Gunning, B., Ob- 
servations concerning production and excretion of 
cholesterol in mammals. VIII. Fate of injected 
cholesterol in the animal body. Am. J. Physiol., 
1953, 172, 309. 

. Daniels, W. B., Plasma-lipoids in renal disease. Brit. 
J. Exper. Path., 1925, 6, 283. 

. Lichtenstein, L., and Epstein, E. Z., The blood lipoids 
in nephrosis and chronic nephritis with edema. 
Arch. Int. Med., 1931, 47, 122. 

. Calvin, J. K., and Goldberg, A. H., Cholesterol and 
edema. Their relationship in a group of children 
presenting the nephrotic syndrome. Am. J. Dis., 
Child., 1931, 41, 1066. 

. Page, I. H., Kirk, E., and Van Slyke, D. D., Plasma 
lipids in chronic hemorrhagic nephritis. J. Clin. 
Invest., 1936, 15, 101. 

. Peters, J. P., and Man, E. B., The interrelations of 
serum lipids in patients with diseases of the kid- 
neys. J. Clin. Invest., 1943, 22, 721. 

. Farr, L. E., Smadel, J. E., and Holden, R. F., Jr., 
Observations on occurrence of lipemia in rats with 
nephrotoxic nephritis. Proc. Soc. Exper. Biol. & 
Med., 1942, 51, 178. 

28. Heymann, W., and Startzman, V., Lipemic nephrosis. 
J. Pediat., 1946, 28, 117. 

29. Peters, J. P., and Van Slyke, D. D., Quantitative 
Clinical Chemistry. Vol. I. Interpretations. Balti- 
more, Williams and Wilkins Co., 1946. 

30. Blumberg, R. W., and Cassady, H. A., Effect of 
measles on the nephrotic syndrome. Am. J. Dis. 
Child., 1947, 73, 151. 

31. Heymann, W., and Hackel, D. B., The early devel- 
opment of anatomic and blood chemistry changes 
in the nephrotic syndrome in rats. J. Lab. & Clin. 
Med., 1953, 39, 429. 

32. Luetscher, J. A., Jr., Electrophoretic analysis of 
plasma and urinary proteins. J. Clin. Invest., 1940, 
19, 313. 


Proc. Soc. Exper. Biol. & Med., 


¥ 
‘ 


532 


33. Thomas, E. M., Rosenblum, A. H., Lander, H. B., 


and Fisher, R., Relationships between blood lipid 
and blood protein levels in the nephrotic syndrome. 
Am. J. Dis. Child., 1951, 81, 207. 

. Gurin, S., Discussion of paper by Langdon, R. G., 
Cholesterol metabolism in Fat Metabolism, Report 
of the Eleventh M. & R. Pediatric Conference, 
Columbus, Ohio, M. & R. Laboratories, 1954, p. 
42. 

. Luetscher, J. A., Jr., Piel, C. F., and Curtis, R. H., 
The nephrotic syndrome. J. Chronic Dis., 1955, 1, 
442. 

. Wald, M. H., Clinical studies of secondary amyloido- 
sis in tuberculosis. Ann. Int. Med., 1955, 43, 383. 
. Blainey, J. D., Hardwicke, J., and Whitfield, A. G. W., 
The nephrotic syndrome associated with thrombosis 
of the renal veins. Lancet, 1954, 2, 1208. 

. Boggs, T. R., and Morris, R. S., Experimental lipemia 
in rabbits. J. Exper. Med., 1909, 11, 553. 

. Fishberg, E. H., and Fishberg, A. M., The mechanism 
of the lipemia of bleeding. Proc. Soc. Exper. 
Biol. & Med., 1927, 25, 296. 

. Barker, M. H., and Kirk, E. J., Experimental edema 
(nephrosis) in dogs in relation to edema of renal 
origin in patients. Arch. Int. Med., 1930, 45, 319. 
. K6lbl, H., and Peer, E., Hypo- und dysproteinamie 
bei blutspendern. Klin. Med., 1954, 9, 527. 


RAY H. ROSENMAN, MEYER FRIEDMAN, AND SANFORD O. BYERS 


42. Lewis, L. A., Masson, G. M. C., Corcoran, A. C., 


and Page, I. H., Effects of renin on serum and uri- 
nary proteins in desoxycorticosterone or cortisone- 
treated rats. Am. J. Physiol., 1955, 180, 331. 


. Zeldis, L. J., Alling, E. L., McCoord, A. B., and 


Kulka, J. P., Plasma protein metabolism-electro- 
phoretic studies. Chronic depletion of circulating 
proteins during low protein feeding. J. Exper. 
Med., 1945, 82, 157. 


. Heymann, W., and Clark, E. C., Pathogenesis of 


nephrotic hyperlipemia. Am. J. Dis. Child., 1945, 
70, 74. 


. Anfinsen, C. B., On the role of lipemia clearing fac- 


tor in lipid transport in A Symposium on Fat 
Metabolism, Najjar, V. A., ed., Baltimore, Johns 
Hopkins Press, 1954, p. 93. 


. Grossman, M. I., Moeller, H. C., and Palm, L., 


Effect of lipemia and heparin on free fatty acid 
concentration of serum in humans. Proc. Soc. 
Exper. Biol. & Med., 1955, 90, 106. 


. Friedman, M., and Byers, S. O., Role of hyperlipemia 


in the genesis of hypercholesteremia. Proc. Soc. 
Exper. Biol. & Med., 1955, 90, 496. 


. Albrink, M. J., Man, E. B., and Peters, J. P., The 


relation of neutral fat to lactescence of serum. J. 
Clin. Invest., 1955, 34, 147. 


. Addis, T., Glomerular Nephritis, Diagnosis and 


Treatment. New York, The Macmillan Co., 1948. 


a 

= 

3 43 

3 
3 

7 
41 

‘4 

if 


THE ACTION OF HEPARIN IN THE PREVENTION OF 
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During physiological blood coagulation throm- 
bin is formed from a precursor substance—pro- 
thrombin. According to the classical theory of 
blood coagulation as postulated by Morawitz in 
1904, this conversion of prothrombin to thrombin 
is brought about by thromboplastin, acting in the 
presence of calcium (1). The thrombin then in- 
teracts with fibrinogen to produce fibrin. This 
theory may be expressed : 


Thromboplastin 


Prothrombin —Thrombin 


Calcium 
Thrombin 


—Fibrin 


Thromboplastin is defined in this study as a 
substance which is directly responsible for the con- 
version of prothrombin to thrombin in the presence 
of calcium (2). The thromboplastin was thought 
originally to be provided by damaged tissue, but 
it is now realized that when blood is withdrawn by 
clean venipuncture without tissue contamination 
it coagulates under the action of its own thrombo- 
plastin. This blood thromboplastin is now known 
to be of great potency (3), and is certainly essen- 
tial for physiological hemostasis. The relative sig- 
nificance of these two thromboplastin systems in 
hemostasis has not been defined. 

Many factors have recently been postulated as 
participants in blood thromboplastin formation. It 
is accepted for the present that four and possibly 
five components are required to react to form 
blood thromboplastin. These are antihemophilic 
globulin, platelets, Christmas factor (P.T.C.), 
factor V (labile factor, proaccelerin, plasma ac- 
celerator globulin) and possibly factor VII (pro- 
thrombin conversion accelerator, S.P.C.A., pro- 
convertin, co-thromboplastin) (2). Antihemo- 
philic globulin is deficient in hemophilia, platelets 
in thrombocytopenia, the Christmas factor in 
Christmas disease and factor V as a rare congeni- 
tal anomaly and in some cases of hepatic disease. 


Fibrinogen 


Factor VII is the predominant deficiency in cou- 
marin drug therapy and though it undoubtedly is 
required in the tissue thromboplastin system, the 
evidence for its participation in blood thrombo- 
plastin is incomplete. These components can be 
substituted for the thromboplastin of the classical 
theory and the theory of blood thromboplastin 
expressed as follows: 


Antihemophilic globulin 
Platelets 
Christmas factor 


Factor V 
Factor VII (tentative) 


Prothrombin >Thrombin 


Thrombin 
>Fibrin 


Fibrinogen 


The order in which these components inter- 
act is uncertain but there is some evidence that 
antihemophilic globulin, platelets and the Christ- 
mas factor may interact to produce an intermediate 
product which is the equivalent of tissue extract, 
the other components subsequently entering the 
reactions involved in prothrombin conversion to 


thrombin (4). This concept of blood thrombo- 
plastin is in certain aspects analogous to the tissue 
mechanism, for in hemophilia, Christmas disease 
and thrombocytopenia the one-stage clotting time 
on the addition of tissue extract is normal, 
whereas deficiencies of factor V or VII cause a 
prolongation. This understanding of the com- 
ponents of blood thromboplastin may be incom- 
plete as other factors have been suggested as be- 
ing required, for example, P.T.A. (5), fourth 
thromboplastin component (6) and the Hageman 
factor (7). 

With regard to the action of heparin in pre- 
venting coagulation, there is good experimental 
evidence that, while acting together with a co- 
factor in the albumin fraction of the plasma, it 
interferes with the thrombin-fibrinogen reaction 
(8, 9). It has also been suggested that heparin 
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interferes with the interactions resulting in throm- 
bin formation (2, 10-12). Investigations on the 
action of heparin in preventing thrombin forma- 
tion are difficult on account of the interference by 
the heparin with the thrombin-fibrinogen reaction. 
Thus, the components of blood thromboplastin 
can be incubated together with and without heparin 
and apparent interference with the production of 
thromboplastin demonstrated (3), but it can be 
argued that the results are merely a reflection of 
the heparin interfering with the thrombin-fibrino- 
gen reaction. 

The present investigation is concerned with the 
earlier stages of blood coagulation when subjected 
to the influence of heparin, using techniques where 
the heparin does not interfere with the final indi- 
cator system. It has been demonstrated that dur- 
ing blood coagulation under the influence of its 
own thromboplastin factor V, antihemophilic glob- 
ulin and prothrombin are used up in the reaction 
(13-16). It is assumed that this consumption of 
factor V and antihemophilic globulin is due to 
their utilization in blood thromboplastin forma- 
tion. Prothrombin consumption is the outcome 
of blood thromboplastin formation and the result- 
ing conversion to thrombin. 


METHODS 


Preparation of reagents: 


Prothrombin 

Fibrinogen 

Aluminum hydroxide As described by Biggs 
(alumina) and Macfarlane (i7) 


3.8 per cent sodium citrate 
M/40 calcium chloride 


— As described by Brown 
and Douglas (18) 


Human brain extract 


Centrifugation: All centrifugation was carried out at 
4°C. 

Glassware: All clotting times, whether of fibrinogen or 
plasma, were carried out in tubes of % inch diameter. 
The glassware was cleaned by standing in dichromate 
followed by rinsing in tap water. 

Thrombin-fibrinogen dilution curve: As described by 
Biggs (19). 

Measurement of prothrombin: As described by Doug- 
las and Biggs (16). This technique is dependent on the 
separation of prothrombin from antithrombin and its 
activation thereafter by brain thromboplastin and cal- 
cium. The prothrombin was separated from the anti- 
thrombin by dilution and acidification to pH 5. The 
precipitate containing prothrombin was found to be freed 
not only from antithrombin, but also from heparin ac- 
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tivity. There was, in consequence, no evidence of in- 
terference by heparin with the thrombin-fibrinogen 
reaction. 

Measurement of factor V: As described by Douglas 
and Biggs (16), being a modification of the method of 


McClaughry and Seegers (20). Prothrombin is acti- 
vated in an antithrombin free system by brain thrombo- 
plestin, calcium and factor V. The factor V is pre- 
pared from a normal and the test specimens. The test 
specimen is assayed by comparing the curve of activation 
with that of dilutions of the normal. The only difficulty 
in applying this technique to the present problem was 
the removal of the heparin from the appropriate test 
specimens and the prevention of its interference with 
the thrombin-fibrinogen reaction. It was found that 
treatment with alumina, which was employed in the 
preparation of the factor V from the specimens, removed 
the heparin by adsorption. This adsorption of heparin 
on alumina confirms the observations made independently 
by MacMillan and Brown (21). 

Measurement of antihemophilic globulin: As described 
by Douglas and Biggs (16). This technique employs 
the thromboplastin generation test (22); it is dependent 
on the correction of thromboplastin generation of ad- 
sorbed hemophilic plasma by dilutions of adsorbed nor- 
mal plasma. The curve of thromboplastin generation by 
mixtures of equal parts of adsorbed hemophilic and test 
specimens was compared with the dilutions of adsorbed 
normal in hemophilic plasma. A supply of hemophilic 
plasma was kept frozen at — 20°C in a deep freeze. The 
heparin was removed by the process of adsorption on 
alumina. 

Collection of specimens: The investigation was car- 
ried out on patients starting heparin therapy. Needles 
and syringes of identical size were used throughout. 
By venipuncture, using a wide bore needle (S.W.G. No 
18), 30 ml. of blood was collected into a large syringe, 
care being taken to avoid frothing. This syringe was de- 
tached, the needle being left in situ and 10,000 units of 
heparin contained in another syringe, injected intrave- 
nously. Five minutes after the injection of heparin an 
identical specimen was collected by separate veni- 
puncture from the other arm. A mixture was made im- 
mediately of 4.5 ml. of blood with 0.5 ml. of 3.8 per cent 
sodium citrate and further 4.5 ml. volumes of blood de- 
livered into four identical graduated centrifuge tubes. 
These tubes were placed in a water bath at 37°C and at 
intervals of 15 minutes after collection 0.5 ml. of 3.8 per 
cent sodium citrate added and the contents of the tube 
mixed with a wooden applicator stick. In this way the 
process of clotting was arrested at fifteen-minute inter- 
vals after withdrawal of the blood. The tubes were left 
in the water bath for an hour to allow for the neutraliza- 
tion of any thrombin formed. After this the specimens 
were tested to determine the amounts of prothrombin, 
factor V and antihemophilic globulin present. In this 
way the pattern of utilization of these factors before and 
after the administration of heparin could be studied. The 
procedure described above was carried out on nine pa- 
tients starting heparin therapy. In three of the observa- 
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HEPARIN AND PROTHROMBIN CONVERSION 


TABLE I 
The results of assays of prothrombin, factor V and antihemophilic globulin * 


Before heparin 


After heparin 


Time after venipuncture 


Plasma 15 mins. 


30 mins. 


45 mins, 60mins. 15 mins. 30 mins. 45 mins. 60 mins. 


Prothrombin 


10 
0 
0 


Mean 


Factor V 


Mean 


Antihemophilic 
globulin 


Mean 


* The mean of the three observations on each of these factors is also shown. 


The assays were made on plasma 


collected before giving heparin and on specimens citrated at 15, 30, 45, and 60 minutes following withdrawal of blood 


by venipuncture, bot 


before and after the intravenous administration of heparin. 


The results are expressed as per- 


centages of the amount of each of the factors present in the plasma before giving the heparin. 


tions, prothrombin was studied, in three factor V and 
in the last three antihemophilic globulin. 


RESULTS 


The details of each of the assays is shown in 
Table I together with the mean of these results. 
It will be seen that after the administration of the 
heparin there was no utilization of any of these 
components up to one hour, whereas in the speci- 
mens collected before giving the heparin, all had 
been used up by the end of an hour. 


DISCUSSION 


Evidence has been produced to suggest that 
factor V and antihemophilic globulin are essential 
components of blood thromboplastin (2). Dur- 
ing the clotting of blood under the influence of its 
own thromboplastin these factors disappear, pre- 
sumably in consequence of their utilization in the 
formation of blood thromboplastin (16). In the 
presence of heparin, factor V and antihemophilic 
globulin are not used up. This can be interpreted 
as a consequence of interference with thrombo- 
plastin formation. 

The investigation has shown that in the presence 
of heparin there is defective consumption of pro- 
thrombin. This is a further, non-specific, indica- 
tion of failure in the blood thromboplastin system. 


The techniques used in the investigation have 
employed methods for the removal of heparin from 
the incubation mixtures. There was in conse- 
quence no interference by heparin with the indi- 
cator system, the thrombin-fibrinogen reaction. 
The efficacy of the methods for the removal of 
heparin was confirmed by the demonstration that 
all the specimens collected after the administration 
of the heparin contained as much prothrombin, 
factor V and antihemophilic globulin as the plasma 
before administration of heparin. Any traces of 
heparin left in the incubation mixtures would have 
resulted in lower readings being obtained. 


SUMMARY 


1. Therapeutic doses of heparin have been shown 
to result in failure of utilization of antihemophilic 
globulin and factor V, believed to be essential 
components for blood thromboplastin formation. 
The consequent inability to convert prothrombin 
to thrombin has been demonstrated. The experi- 
mental results described are not the consequence 
of heparin acting on the indicator system. 

2. This evidence of complete interference with 
prothrombin conversion and utilization of blood 
thromboplastin components may possibly indicate 
that this represents the main action of heparin 
rather than interference with the thrombin-fibrino- 
gen reaction. 
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BILIRUBIN-PROTEIN LINKAGES IN SERUM AND THEIR 


RELATIONSHIP TO THE VAN DEN BERGH 


REACTION ? 
By GERALD KLATSKIN anp LUITGARD BUNGARDS 2 


(From the Department of Internal Medicine, Yale University School of Medicine, 


Innumerable theories have been advanced to ex- 
plain the direct and indirect van den Bergh reac- 
tions of serum bilirubin. However, only three are 
still current. These postulate that the two types 
of diazotization are dependent on (a) differences 
in the chemical structure of bilirubin, (b) the 
presence of a catalyst that facilitates diazotization 
in the absence of alcohol, or (c) differences in the 
linkage of bilirubin to protein. 

The theory that the variable behavior of bili- 
rubin is in some way related to the nature of its 
linkage with protein has always had the greatest 
number of proponents, and has had an important 
influence in the formulation of current concepts 
of regurgitation and retention jaundice (1, 2). 
As originally conceived (3) indirect-reacting bili- 
rubin was assumed to be a protein complex which 
was split as it passed through the liver cells, so 
that the direct-reacting pigment in bile and that 
found in the serum under certain conditions was 
thought to be present in an unbound state. How- 
ever, it is now known from studies based on 
dialysis (4), ultra-filtration (5, 6), ultracentri- 
fugation (7), and electrophoresis (6-8), that 
both types of pigment are linked to protein. This 
has led to several revisions of the theory. Ac- 
cordingly, it has been suggested that, while both 
types of bilirubin are bound to albumin, the com- 
plex is dissociable in the case of direct-reacting 
serum, and stable, possibly because of a valence 
bond, in the case of the indirect-reacting type (6). 
As an alternative, it has been proposed that the 
two types of pigment are linked to different pro- 
teins, the direct-reacting type being bound to al- 
bumin and the indirect to globin (9, 10) or to an 

1 Supported by a grant from the Ames Company, Inc., 
Elkhart, Indiana. 

2 Formerly James Hudson Brown Memorial Fellow in 


Medicine, Yale University School of Medicine. Present 
address: Medizinische Universitats-Klinik, Freiburg/ 


Breisgau, Germany. 


New Haven, Conn.) 


(Submitted for publication October 26, 1955; accepted January 16, 1956) 
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alpha-globulin (11). Watson (1) has incorporated 
both ideas into what is, perhaps, the most widely 
accepted concept at the present time. According 
to this view indirect-reacting bilirubin is a stable 
globulin complex derived from hemoglobin. On 
passing through the liver cells bilirubin is split off 
and excreted into the bile as a sodium salt which 
yields the direct van den Bergh reaction. Under 
conditions leading to the regurgitation of bile into 
the blood, sodium bilirubinate is loosely bound by 
albumin, but continues to react directly. This 
theory is based on the assumption that: 1) in the 
breakdown of hemoglobin to bilirubin, globin re- 
mains firmly attached to the ruptured porphyrin 
nucleus until it traverses the liver cells, 2) the 
electrophoretic mobility of bilirubin-globin is iden- 
tical with that of albumin, the fraction of serum in 
which most, if not all, the bilirubin is usually found 
(7, 8), 3) sodium bilirubinate reacts directly both 
in the presence and absence of albumin, and 4) 
the addition of alcohol in the indirect reaction fa- 
cilitates diazotization by releasing bilirubin from 
its protein complex. Little direct evidence has 
been presented in support of this hypothesis, and, 
indeed, a number of observations appear to be in- 
consistent with it. 

Early electrophoretic studies indicated that all 
the bilirubin in serum was bound to albumin (6). 
However, on fractionating the plasma proteins un- 
der special conditions Cohn (12) found that the 
alpha,-globulin concentrated in fraction V-1 con- 
tained a pigment which gave the indirect van den 
Bergh reaction. Later, Gray and Kekwick (8) 
confirmed the presence of bilirubin in alpha-globu- 
lin electrophoretically. However, they empha- 
sized that the bulk of the pigment was always as- 
sociated with albumin, and that the fraction bound 
to globulin was constant in amount and inde- 
pendent of the type of van den Bergh reaction. 
On the basis of ammonium sulfate fractionation 
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studies, Najjar and Childs (11, 13) also reached 
the conclusion that a fraction of serum bilirubin 
was bound to globulin. However, in contrast to 
Cohn (12) and Gray and Kekwick (8), they sug- 
gested that all of the indirect-reacting pigment in 
serum was associated with a globulin, while all of 
the direct-reacting type was bound to albumin. 
The present investigation was undertaken to 
re-evaluate the conflicting evidence pertaining to 
the protein-linkage of bilirubin in serum, and its 
relationship to the van den Bergh reaction. Fil- 
ter-paper electrophoresis, which was the princi- 
pal method employed, provided a convenient means 
of studying many of the problems involved. In 
particular it made it possible to characterize the 
properties of the pigments isolated from each of 
the protein fractions, and to compare them with 
those present in the original serum. Due consider- 
ation was given to the fact that all sera contain 
both direct- and indirect-reacting bilirubin, and 
that the qualitative van den Bergh reaction, used 
to identify the pigments in many similar investiga- 
tions, merely distinguishes between low and high 
concentrations of direct-reacting pigment (1, 14). 


METHODS 


Serum samples. Blood was drawn from patients with 
various types of jaundice and allowed to coagulate at 
room temperature. Following centrifugation the su- 
pernatant serum was analyzed for its content of direct- 
reacting (“one-minute”) and total bilirubin by a modifi- 
cation (14) of the Malloy-Evelyn method (15). The 
remaining serum was then stored at 5 to 10° C for 8 to 
10 hours before being subjected to electrophoresis. In 
a few experiments serum was stored in the frozen state 
at — 20° C for periods up to several weeks. Preliminary 
investigation revealed that the electrophoretic mobilities 
of bilirubin and protein did not change during such 
storage. The total bilirubin concentration fell slightly, 
but there was no alteration in the ratio of the direct- and 
indirect-reacting fractions. 

Electrophoresis. Electrophoretic analyses were carried 
out at room temperature by the filter-paper method de- 
scribed by Grassmann and Hannig (16). This entailed 
the use of (a) Whatman No. 1 filter-paper strips (4 X 
40 cm.) stretched horizontally between buffer-filled elec- 
trode wells in a shallow, glass- and plastic-enclosed air- 
chamber,? (b) Michaelis’ buffer (sodium veronal, so- 
dium acetate and HCl) with a pH of 8.6 and ionic 
strength of 0.1, and (c) a voltage of 110 for 14 to 16 
hours yielding a current of approximately 1.0 mA 
through each of the strips. Three chambers, each con- 
taining a pair of strips, were usually run simultaneously. 


8 Obtained from Bender and Hobein, Munich, Germany. 
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One strip in each chamber was streaked with 0.10 ml. 
of serum and was used for the separation and identifica- 
tion of the pigment in each of the protein fractions. This 
was found to be the smallest volume which permitted ac- 
curate qualitative and quantitative analysis of the pig- 
ments. Unfortunately, resolution of the protein bands 
was not optimal, so that it was found desirable to run 
a control strip in each chamber streaked with 0.01 ml. 
of serum. This yielded sharply defined protein bands 
which facilitated identification of the peaks in the denser 
strip. It should be noted, however, that the mobilities of 
protein and pigment were always compared on the same 
strip, since their absolute mobilities on the two strips 
were not always identical. Better definition of the protein 
peaks could be achieved with large volumes of serum by 
using heavier filter-paper. However, eluates from such 
paper were invariably clouded by a fine pulp which could 
not be removed by filtration or centrifugation. 

The electrophoretically separated protein fractions were 
stained and then quantitated either by direct densitometry 
or by spectrophotometry following elution. The pig- 
ments were studied in a similar manner, except that 
preliminary staining was omitted. Since it was essential 
to analyze the same strip for both protein and _ bili- 
rubin it was not possible to use both the densitometric 
and elution methods in each instance. Therefore, each 
strip was subjected to one of two combined procedures: 
1) direct densitometry of the pigment bands followed by 
staining and subsequent densitometry of the protein frac- 
tions, or 2) division of the strip into two longitudinal sec- 
tions, measuring 8 and 32 mm. in width, respectively, fol- 
lowed by staining and direct densitometry of the narrower 
strip for the localization of the protein bands, and elution 
of the unstained broader strip for bilirubin analysis. 
The former method permitted more accurate determina- 
tion of the relative mobilities of the pigment and protein 
fractions, while the latter made it possible to establish 
the chemical nature of the pigments. Accordingly most 
experiments were carried out in duplicate using both 
combined procedures. 

Staining of protein. Following air-drying and heat-fix- 
ation, the strips were stained with Amidoschwarz 10B and 
washed in acetic acid-methanol as recommended by Grass- 
mann and Hannig (16). 

Densitometry. The location and density of the pigment 
bands and the stained protein fractions were determined 
by scanning the strip at 1 mm. intervals through a 25 X 1 
mm. slit in a Photovolt densitometer (Model 525). The 
recorded density readings were then plotted against the 
migration in millimeters and the points joined to form 
smooth curves. When the strip was split longitudinally, 
as described above, the narrow, stained protein strip was 
scanned at 1 mm. intervals through a 6 X 1 mm. slit. 

The protein-stained strips were cleared in alpha- 
bromnaphthalene and paraffin oil (16) before scanning, 
a procedure which decreased the density and permitted 
more accurate densitometry. This was omitted in the 
case of the unstained strips to be scanned for pigment. 

It was found that the relationship between the areas of 
the peaks delineated by direct densitometry and the con- 
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centration of protein in the individual fractions was not 
strictly linear, so that the patterns obtained did not pro- 
vide an accurate estimate of relative concentrations. 
Nevertheless, this in no way detracted from the precision 
of the method in determining the relative mobilities of 
the protein and pigment fractions. 

Determination of eluted bilirubin. Attempts to identify 
and quantitate bilirubin on filter paper by diazotization 
and direct densitometry were unsuccessful, since the color 
evolved was never typical of azobilirubin, and was usually 
of too low intensity to measure accurately. It was nec- 
essary, therefore, to devise a technique which permitted 
both quantitative analysis and study of the absorption 
spectrum of the small amounts of pigment present in the 
eluates of 5 mm. filter-paper segments. This was ac- 
complished by modifying the Malloy-Evelyn method (15) 
taking advantage of the greatly increased sensitivity 
afforded by the use of long pathway micro-cuvettes (50 X 
4 mm.) in a Beckman DU spectrophotometer (17). 

Each 5 mm. segment of filter-paper was immersed in 2 
ml. of distilled water for one hour, following which the 
eluate was divided into two 1-ml. aliquots. To one was 
added 0.2 ml. of diazo blank and to the other 0.2 ml. of 
freshly prepared diazo reagent. The mixtures were agi- 
tated, transferred to micro-cuvettes and then read in the 
spectrophotometer at a wave length of 540 my in pre- 
cisely one minute. For the total bilirubin determination 
the contents of each cuvette were removed by pipette and 
returned to their original containers. To each of these 
was then added 1.2 ml. of absolute methanol with thor- 
ough mixing. At the end of one-half hour the cuvettes 
were refilled and read in the spectrophotometer as before. 
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To characterize further the nature of the pigments in 
each of filter-paper segments, the absorption spectrum of 
each eluate was studied both before and after diazotization. 


RESULTS 


Direct densitometry of pigments in filter-paper 
electrophoretic patterns of icteric serum 


All strips showed a sharply defined yellow band 
which coincided precisely with the position of the 
albumin peak, irrespective of whether the bilirubin 
content of the original serum was predominantly 
of the direct- or indirect-reacting type. On the 
basis of its absorption spectrum and subsequent 
behavior on diazotization, the pigment eluted 
from this band was identified as bilirubin. A sec- 
ond inconstant pigment of a pale reddish-brown 
hue was occasionally observed in the region of the 
alpha and beta globulins. This gave a positive 
guaiac reaction, had the absorption spectrum of 
hemoglobin, and therefore, was interpreted as an 
artifact due to hemolysis. A typical pattern show- 
ing both bands and their relationship to the sepa- 
rated protein fractions of serum is illustrated in 
Figure 1A. 

The pigment associated with the albumin frac- 
tion, and presumed to be bilirubin, revealed a well 
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defined absorption maximum at 430 instead of 
460 mp (Figure 1B), the value expected for serum 
bilirubin (18). Errors in instrumentation did 
not appear to account for this discrepancy, since 
the accuracy of the wave-length scale of the spec- 
trophotometer employed was verified with the aid 
of a mercury vapor lamp. Possibly the presence of 
interfering substances, such as biliverdin, was re- 
sponsible. However, the bulk of the pigment 
eluted behaved as bilirubin on diazotization. 

The pigment associated with the alpha and beta 
globulins, and shown to be hemoglobin, had an 
absorption maximum at 410 my (Figure 1B), and 
could, therefore, be readily distinguished from 
bilirubin. 


Spectrophotometric analysis of eluted pigments 


An attempt was made to demonstrate the pres- 
ence of bilirubin in the globulin fractions of serum 
by analyzing the absorption spectrum of each of 
the eluates of serial transections of the entire elec- 
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trophoretic pattern. The results of two typical 
experiments on serum with predominantly di- 
rect- and indirect-reacting bilirubin, respectively, 
are illustrated in Figures 2 and 3. It will be noted 
that in both instances the only pigment with an 
absorption maximum at 430 mp was found in the 
region of the albumin peak. It was not possible 
to exclude the presence of traces of bilirubin in 
the globulins, since the analytical procedure em- 
ployed was insensitive to concentrations below 
0.9 micrograms per ml. of eluate, an amount 
equivalent to 1.80 mg. per 100 ml. of original 
serum. However, it was evident that the bulk of 
the pigment could be accounted for in the albu- 
min fraction in all cases. 


Diazotization of eluted pigments 


To increase the sensitivity and specificity of the 
method of detecting bilirubin in serial sections of 
filter-paper electrophoretic patterns, the eluates 
obtained were subjected to diazotization and ana- 
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The remaining eluates, of which only five are illustrated, show non- 
It will be noted that there is a second maximum at 400 


ms in the eluate from segments 15-18, probably indicating the presence of methem- 


albumin. 


lyzed spectrophotometrically for azobilirubin. The 
technique used was capable of demonstrating as 
little as 0.1 microgram of bilirubin per ml. of elu- 
ate, a concentration equivalent to 0.24 mg. of di- 
rect or 0.48 mg. of indirect-reacting pigment per 
100 ml. of original serum. However, it was found 
that, while this degree of sensitivity could be 
achieved in recovery experiments with eluates of 
serum freshly applied to buffer-moistened filter- 
paper, there was a highly significant loss (average 
65 per cent) of diazotizable bilirubin following 
electrophoresis (Table I), thereby reducing the 
effective sensitivity of the method to approxi- 
mately 0.3 microgram per ml. of eluate, a concen- 
tration equivalent to 0.72 mg. of direct- or 1.44 
mg. of indirect-reacting bilirubin per 100 ml. of 
original serum. This apparent loss of bilirubin 
was probably due to oxidation, since a similar 


decrease in diazotizable pigment was observed in 
a control serum applied to moistened filter-paper 
and exposed to the same atmosphere for a similar 
length of time. Adsorption of bilirubin in the 
trail of the proteins during their migration did not 
appear to be a significant factor, since lengthen- 
ing the trail by prolonging the electrophoresis did 
not increase the loss of bilirubin over that of a 
control serum on moistened paper. 

Nine samples of serum were investigated. 
These were obtained from patients with jaundice, 
and contained varying proportions of direct- and 
indirect-reacting bilirubin (Table I). As illus- 
trated by the two representative patterns in Figure 
4, the peaks of both direct- and indirect-reacting 
bilirubin invariably coincided with that of albumin. 
In carrying out these experiments non-specific ab- 
sorption was excluded by analyzing the absorption 
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TABLE I 
Recovery of serum bilirubin from filter paper following electrophoresis 


Bilirubin 


concentration 


Bilirubin 


Type of serum Direct* 


Total 


applied 


to stript Bilirubin recovered 


mg. per cent 

Infectious hepatitis 

Infectious hepatitis 

Laennec’s cirrhosis 

Laennec’s cirrhosis 

Laennec’s cirrhosis 

Laennec’s cirrhosis 

Obstructive jaundice 

Erythroblastosis fetalis 

Erythroblastosis fetalis 


* Prompt direct-reacting (one-minute) fraction. 


_ ,t Amount remaining on the filter-paper strip following removal of an 8 mm. longitudinal segment for protein analysis ; 
original width of strip 40 mm., volume of serum applied 0.1 ml. 


t This value was omitted in calculating the average recovery (34.5 per cent), since it was not possible to achieve 


this degree of recovery in subsequent experiments. 


spectrum of each eluate. Only those pigments 
showing a well defined maximum at 540 my fol- 
lowing diazotization were considered bilirubin. 


Experiments with globin 


The concept that the type of van den Bergh re- 
action in serum depends on whether bilirubin is 
bound to albumin or globin is based almost en- 


tirely on the evidence presented by Fiessinger, 
Gaydos, and Polonovski (9, 10). These investi- 
gators have reported that neutralized solutions of 
bilirubin react directly in the presence of serum 
albumin and indirectly in the presence of globin, 
and that it is possible to convert the direct-reacting 
type to the indirect by incubating serum at ice-box 
temperature in the presence of globin, a change 
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Fic. 4. A. DistrrputTion oF Drrect-Reactinc ( 


) anp Totat (:-——:) 


BILIRUBIN IN ELUATES FROM SERIAL TRANSECTIONS OF AN ELECTROPHORETIC PATTERN 


or SERUM IN LAENNEC’s CIRRHOSIS 


The indirect-reacting fraction of bilirubin is represented by the area between the two 
pigment curves beneath the albumin peak. Serum bilirubin: direct 12.7, total 28.2 


mg. per 100 ml. 


B. DistripuTION oF I[NpIRECT-REACTING BILIRUBIN 


(-——-) 1n ELUATES FROM 


SERIAL TRANSECTIONS OF AN ELECTROPHORETIC PATTERN OF SERUM IN ERYTHROBLAS- 


TosIs FETALIS 


No direct-reacting pigment could be demonstrated. Serum bilirubin: direct 0.4, 


total 18.6 mg. per 100 ml. 
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presumably due to a shift of pigment from albumin 
to globin. 

In a preliminary experiment, based on the tech- 
nique described by Fiessinger, Gaydos, and Polo- 
novski (9) the qualitative van den Bergh reaction 
of bilirubin-protein mixtures was investigated. 
Bilirubin was dissolved in 0.01 N NaOH at a 
concentration of 40 mg. per 100 ml. and added in 
amounts ranging from 0.2 to 0.6 ml. to 2-ml. ali- 
quots of 0.35 per cent albumin‘ or globin.’ With 
the aid of a glass electrode the mixtures were then 
brought to a pH of 7.0 and allowed to stand for 
one hour, following which 0.5 ml. of freshly pre- 
pared diazo reagent was added to each tube. An 
indirect reaction was obtained in all tubes, indi- 
cating that the reactivity of bilirubin was not de- 
pendent on the nature of the protein with which 
it was associated. 

To characterize the behavior of these bilirubin- 
protein mixtures more precisely, their diazotization 
reaction curves were then investigated spectro- 
photometrically. The solutions tested were pre- 
pared and analyzed as follows: (a) to 8-ml. ali- 
quots of 0.35 per cent albumin and globin were 
added 2-ml. portions of a 10 mg. per cent solution 
of bilirubin, (b) the mixtures were then brought 
to a pH of 7.0 and allowed to stand for one hour; 
to maintain the same concentrations of bilirubin 
and protein in both mixtures their volumes were 
equalized with water following neutralization, (c) 
two 3-ml. aliquots of each mixture were then trans- 
ferred to 1-cm. cuvettes to which were added 0.6- 
ml. portions of freshly prepared diazo reagent and 
blank, respectively, (d) optical density was then 
measured at frequent intervals for a period of 30 
minutes in a Beckman DU spectrophotometer at 
a wave-length of 540 mp, (e) at the end of this 
period an equal volume of absolute methanol was 
added to each cuvette and the optical density meas- 
ured as before. The final concentrations of pro- 
tein and bilirubin before diazotization were 223 
and 1.82 mg. per 100 ml., respectively. A control 
solution of bilirubin without protein was analyzed 
simultaneously. It had a slightly lower concentra- 


4 Crystallized human serum albumin obtained from the 
Harvard University Laboratory of Physical Chemistry, 
through the courtesy of Dr. J. L. Oncley. 

5 Prepared in the authors’ laboratory by the method of 
Anson and Mirsky (19). 
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Fic. 5. DrazotizATION REACTION CuRvES OF NEv- 


TRALIZED SOLUTIONS OF BILIRUBIN IN THE PRESENCE OF 
GLOBIN AND ALBUMIN 


tion of bilirubin, 1.43 mg. per 100 ml., since it re- 
quired a larger volume of acid for neutralization. 

The diazotization curves obtained in this experi- 
ment are illustrated in Figure 5. It will be ob- 
served that in all three solutions less than 10 per 
cent of the bilirubin reacted directly during the 
first minute, and less than 15 per cent in 30 min- 
utes, behavior characteristic of indirect-reacting 
serum (14). When alcohol was added, there was 
a prompt increase in the rate of diazotization in 
all tubes. However, at the end of 30 minutes 
there was a marked difference in the amount of 
azobilirubin recovered in each of the solutions. 
While all of the pigment reacted in the albumin 
mixture, only 70 per cent reacted in the control 
solution and less than 35 per cent in the globin 
mixture. The loss of reactivity in the control 
solution was undoubtedly due to the oxidation of 
bilirubin, an effect which was inhibited by combin- 
ing the pigment with albumin (20). The fact 
that even less azobilirubin was recovered in the 
presence of globin than in the control solution in- 
dicated that globin was not only a less effective 
anti-oxidant than albumin, but that it actually in- 
creased the loss of diazotizable pigment. A clue 
to the mechanism involved was afforded by the 
observation that the bilirubin-globin solution be- 
came slightly turbid when it was neutralized. This 
suggested the possibility that the mixture had 
partially precipitated when the pH was brought 
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to 7.0, a suspicion that was confirmed when the 
experiment was repeated using higher concen- 
trations of protein and bilirubin. 

The solubility and bilirubin-binding capacity of 
globin at the normal pH of blood were then deter- 
mined, since it seemed possible from the preceding 
experiments that normal serum might be in- 
capable of holding sufficient bilirubin-globin in 
solution to account for the amount of indirect- 
reacting bilirubin found in many hemolytic states. 
A modification of Martin’s method (21) was used 
to obtain these data. This entailed the dialysis of 
a 0.365 per cent globin solution against an excess 
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CENTIMETERS 


Fic. 6. Errect oF INcuBATING Direct-REACTING SERUM 
witH GLOBIN AT 10° C For 18 Hours 


The upper panel shows the relationship of the eluted 
pigments to the electrophoretically separated proteins of 
0.075 ml. of serum containing 4.5 mg. of direct-reacting 
and 10.8 mg. of total bilirubin per 100 ml. It will be 
noted that both the direct (-----) and indirect-reacting 
(-——-) bilirubin are confined to the albumin fraction. 
The lower pattern, which was obtained with 0.150 ml. 
of an equal mixture of the same serum and 3.5 per cent 
globin following incubation, shows essentially the same 
ratio of direct- to indirect-reacting bilirubin and the ab- 
sence of any shift of pigment to the globin peak. 
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of bilirubin in phosphate buffer (pH 7.4, ionic 
strength 0.1) containing ascorbic acid, and the 
determination of its bilirubin and protein content 
following a period of equilibration at 10° C. A 
control experiment, in which the cellophane sac 
contained buffer instead of globin solution, was 
carried out simultaneously. It was assumed that 
equilibrium had been reached when the bilirubin 
concentrations were identical on both sides of the 
membrane in the control experiment. This oc- 
curred in approximately 48 hours, at which time 
the buffer in both compartments of the control 
chamber had a bilirubin concentration of 0.40 mg. 
per 100 ml., based on direct measurements of ab- 
sorption at 430 my in a Beckman DU spectro- 
photometer. At the same time, the globin mix- 
ture, which was now turbid due to precipitation of 
protein, was found to have a bilirubin content, af- 
ter centrifugation, of 1.29 mg. per 100 ml. Since 
the concentration in the surrounding buffer was 
similar to that of the control, 0.37 mg. per 100 ml., 
it was assumed that 0.92 mg. of bilirubin per 100 
ml. had been bound by the globin remaining in 
solution. By the Kjeldahl method the latter was 
found to be present in a concentration of 0.205 gm. 
per 100 ml., which was taken to be the approxi- 
mate solubility of globin at pH 7.4. If these esti- 
mates of globin solubility and bilirubin-binding 
capacity are valid a bilirubin-globin complex could 
hardly account for more than 1 mg. of indirect- 
reacting bilirubin per 100 ml. at the normal pH of 
serum. 

On electrophoretic analysis the mobility of 
globin, which approximated that of a gamma 
globulin, differed from that of either direct- or 
indirect-reacting serum bilirubin. Moreover, 
when globin was added to an icteric serum con- 
taining a high proportion of direct-reacting bili- 
rubin and was incubated at 10° C for 18 hours, 
there was no electrophoretic evidence of a shift of 
pigment to the globin peak, nor any increase in 
the relative concentration of indirect-reacting bili- 
rubin (Figure 6), findings at variance with those 
reported by Fiessinger, Gaydos, and Polonovski 
(9). 

The data presented strongly suggest that none 
of the bilirubin in serum is bound to globin. 
However, the evidence cannot be regarded as 
conclusive, since, as in all experiments involving 
the isolation and, particularly, the chemical manip- 
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ulation of globin, the question of denaturation 
arises. In both the present experiments and 
those described by Fiessinger, Gaydos, and Polo- 
novski (9) globin was prepared and purified by 
the method of Anson and Mirsky (19). Although 
this material is thought to be undenatured, par- 
ticularly since it can be recombined with heme 
to form hemoglobin (19) it is noteworthy that it 
has a molecular weight only one-fourth that esti- 
mated for the protein moiety of hemoglobin (22) 
and that the physical properties of the hemoglobin 
derived from it differ slightly from those of the 
natural product (23, 24). Moreover, in the pres- 
ent experiments the use of alkaline solutions of 
bilirubin may have denatured the globin further. 


Experiments with alpha,-globulin 


Since the alpha,-globulin of Fraction V-1 was 
found by Cohn (12) to give an indirect van den 
Bergh reaction, and was shown by Martin (21) 
to be capable of binding additional bilirubin, the 
possibility that the bilirubin in predominantly in- 
direct-reacting serum was associated with this 
fraction was investigated. When Fraction V-1 * 
was added to a serum from a patient with hemo- 
lytic jaundice the expected increase in alpha,- 
globulin was clearly discernible in the electro- 
phoretic pattern; however, the peak obtained did 
not coincide with that of bilirubin. In addition, 
it was found that albumin had a greater affinity for 
bilirubin than the alpha,-globulin of Fraction V-1. 
Thus, by means of electrophoresis it could be 
shown that both proteins were capable of combin- 
ing with bilirubin in vitro, but that when an alka- 
line solution of bilirubin was added to a mixture of 
the proteins, the pigment migrated with the albu- 
min exclusively, although undetected traces may 
have been present in alpha,-globulin peak. It is 
reasonable to suppose, therefore, that there is a 
similar preferential binding of bilirubin by albu- 
min in vivo. Moreover, on the basis of its known 
concentration of 0.05 per cent of plasma (12) and 
its bilirubin-binding capacity of 12 mg. per gm. 
(21), it was estimated that an alpha,-globulin com- 
plex could not account for more than 0.05 mg. of 
indirect-reacting bilirubin per 100 ml. of serum. 


6 Obtained from the Harvard University Laboratory of 
Physical Chemistry through the courtesy of Dr. J. L. 
Oncley. 
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Ammonium sulfate fractionation of serum bilirubin 


According to Najjar and Childs (11, 13) the 
ammonium sulfate fractionation patterns of serum 
bilirubin indicate that the direct-reacting type is 
bound to albumin, and the indirect to a globulin. 
However, they attach no importance to this dif- 
ference insofar as the van den Bergh reaction is 
concerned, since they have found that the pigments 
retain their characteristic behavior on diazotiza- 
tion following their separation from protein. 

Since Najjar’s observations on the protein- 
linkages of bilirubin in serum were not in accord 
with those based on electrophoresis, an attempt 
was made to confirm the reported difference in 
the ammonium sulfate fractionation patterns of 
direct- and indirect-reacting bilirubin. The tech- 
nique employed was virtually identical with that 
described by Najjar and Childs (13). Four- 
tenths of a ml. of serum was pipetted into each of 
12 celluloid centrifuge tubes. Sufficient water, 
bromphenol blue and saturated ammonium sul- 
fate were then added to yield ammonium sulfate 
concentrations ranging from 32 to 72 per cent 
saturation, and a bromphenol blue concentration 
of 0.04 mg. per ml. of serum in a total volume of 
10 ml. The salt was added dropwise with stirring 
to ensure adequate mixing. The samples were 
then stored in the refrigerator at 5° C for one hour, 
following which they were centrifuged for 30 
minutes at 40,000 RPM. 

The sediment in each tube was redissolved in 
5 ml. of saline and analyzed for bilirubin and 
bromphenol blue by measuring its absorption at 
460 mp and 605 my, respectively, in a Beckman 
DU spectrophotometer. Corresponding concen- 
trations of ammonium sulfate and water served as 
blanks. Due to the development of turbidity, it 
was not possible to check the results by diazotiza- 
tion, as reported by Najjar and Childs (13). 
Bilirubin determinations were also carried out on 
the supernatants, which revealed that excellent 
recoveries of total pigment were being achieved. 

Seven serum samples were studied, four of the 
direct-reacting type from patients with various 
forms of obstructive or hepatocellular jaundice, 
and three of the indirect type from infants with 
erythroblastosis fetalis. In all instances the serum 
was virtually hemoglobin-free. Nevertheless, in 
analyzing the mixtures for bilirubin a correction 
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Fic. 7. A. AMMONIUM SULFATE FRACTIONATION PATTERNS OF BILIRUBIN AND 
Appep BROMPHENOL BLUE IN Drrect- AND INDIRECT-REACTING SERUM 

The former contained 19.7 mg. of bilirubin per 100 ml., of which 10.6 mg. reacted 
directly, the latter 22.1 mg. per 100 ml., of which 0.6 mg. reacted directly. 


B. AMMONIUM SULFATE FRACTIONATION PATTERNS OF BROMPHENOL BLUE IN 4 
Per Cent So_uTiIons oF SERUM ALBUMIN AND COHN’s FRAcTIoN V-1 


for hemoglobin was made, as suggested by Naj- 
jar (11) by using the following formula: 


True absorption at 460 mu = Axgso 
Ago — X 0.86) 
4 
where Ago = absorption of bilirubin at 460 mug, 
and Ag» = absorption of bilirubin at 420 mz. 


In all but one instance a direct- and an indirect- 
reacting serum were analyzed simultaneously to 
maintain identical conditions. It was found, in 
contrast to the observations of Najjar and Childs 
(13), that the fractionation pattern of precipitated 
bilirubin invariably coincided with that of brom- 
phenol blue-labelled albumin, both in direct- and 
indirect-reacting serum (Figure 7A). As a fur- 
ther check on the apparent similarity of the pre- 
cipitation patterns of direct- and indirect-reacting 
bilirubin to that of albumin, ammonium sulfate 
fractionation was carried out on bromphenol blue- 
stained solutions of human serum albumin’ and 
Cohn’s fraction V-1. This appeared to be an es- 
sential control, since it was found that unbound dye 
could always be detected in the presumably pro- 


7 Salt-poor concentrated human serum albumin ob- 
tained from the American Red Cross through the cour- 
tesy of Dr. S. T. Gibson. 


tein-free supernatant at 76 per cent ammonium 
sulfate saturation, even when the lowest concen- 
tration of dye recommended by Najjar and Childs 
(13) was used, indicating that an excess was al- 
ways available for staining of globulin. Fraction 
V-1 was selected for testing since Najjar (11) 
had suggested that indirect bilirubin might be as- 
sociated with an alpha-globulin. As can be seen 
in Figure 7B, the fractionation pattern of dye- 
labelled albumin approximated that of protein- 
bound bilirubin in both direct- and indirect-re- 
acting serum, and that the pattern of dye-labelled 
Fraction V-1 resembled neither. 

No explanation can be offered for the discrep- 
ancy between the results reported by Najjar and 
Childs (13) and those obtained in this laboratory. 
However, the latter would appear to be more con- 
sistent with the other evidence presented indicating 
that bilirubin is bound to albumin in both types of 
serum. 


Effect of pH change on the electrophoretic mo- 
bility of serum bilirubin 


If different proteins bind the two types of bili- 
rubin in serum, it must be assumed that their elec- 
trophoretic mobilities are identical, as in the case 
of the pigments. While it is possible for hetero- 
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geneous proteins to migrate at the same rate under 
certain conditions, it is highly improbable that they 
will do so over a wide range of pH if they differ 
as markedly in amino acid composition as albu- 
min and globin (25). For that reason the electro- 
phoretic patterns of sera containing predominantly 
direct- and indirect-reacting bilirubin, respectively, 
were compared in buffers ranging in pH from 2.0 
to 9.0. Both samples were run simultaneously in 
the same chamber to ensure identical conditions. 
The buffers, which had an ionic strength of 0.1, 
were made up of glycine-HCl for pH 2.0 and 3.0, 
sodium acetate-acetic acid for pH 4.0 and 5.0, 
Na,HPO,-NaH,PO, for pH 6.0 and 7.0, and 
sodium veronal-HCl for pH 8.0 and 9.0. Ina 
duplicate experiment the ionic strength of the 
buffer salt was kept at 0.02 and brought to 0.1 
with sodium chloride, as recommended by Miller 
and Golder (26). This modification did not ap- 
pear to alter the mobilities of either protein or 
bilirubin. The position of the albumin peaks in- 
dicated in each of the patterns illustrated in Figure 
8 was checked against that of pure serum albumin 
electrophoresed under the same conditions. The 


results of three experiments with different pairs 
of sera were virtually identical. 

As is evident in Figure 8, the mobility of bili- 
rubin was identical in both types of serum at all 
levels of pH except 5.0. Between pH 6.0 and 9.0 
the two pigments migrated as well-defined bands 
which coincided with their respective albumin 


peaks. However, at pH 5.0 a marked difference 
was observed. In the direct-reacting serum the 
bilirubin was concentrated in the albumin fraction, 
but could also be detected in small amounts in the 
trail of the globulins. In contrast, the pigment in 
the indirect-reacting serum was confined to a nar- 
row band close to the anodal side of the starting 
line, and had the granular appearance of a precipi- 
tate. Since the serum had been applied at the 
cathodal end of the strip, it appeared likely that 
the movement of the indirect-reacting pigment was 
due not to its linkage with a non-albuminous pro- 
tein, but rather to capillarity and the siphoning 
effect known to occur as buffer evaporates from 
the center of the filter-paper strip during electro- 
phoresis (16). In order to determine whether the 
pigments were bound to protein, duplicate sera 
were electrophoresed for 16 hours, following which 
one of the strips was removed for staining, while 
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the other was subjected to an additional 7-hour 
period of electrophoresis with the poles reversed, 
which served to return the proteins toward their 
line of origin. It was found that the pigment in 
the indirect-reacting serum remained stationary 
despite the backward movement of the proteins, 
indicating that it was no longer linked to protein, 
while the pigment in the direct-reacting serum 
continued to migrate with the albumin peak indi- 
cating an intact bond. By streaking the serum 
over the center of the strip instead of at its 
cathodal end, it was possible to reduce the siphon- 
ing effect previously mentioned. As a result, the 
indirect-reacting bilirubin no longer migrated to- 
ward the anode, but appeared as a broad band 


Fic. 8. Errect of PH oN THE RELATIVE ELECTROPHO- 
RETIC Most.itres or BiriruBIN (SHADED AREAS) AND 
(Sorrp Circtes) 1n Drrect- AND INDIRECT- 
REACTING SERUM 


pH 60 


The former was obtained from a patient with cirrhosis 
and contained 25.5 mg. of bilirubin per 100 ml., of which 
11.7 mg. reacted directly; the latter was obtained from an 
infant with erythroblastosis fetalis and contained 10.4 mg. 
of bilirubin per 100 ml., of which 0.1 mg. reacted directly. 
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centered over the line of application. In contrast, 
the bulk of the direct-reacting bilirubin was still 
evident in the albumin fraction as it moved toward 
the anode ; however, the previously noted pigment- 
trail in the globulin range was more prominent. 
These observations suggested that the bilirubin- 
albumin complex of serum was split at a pH of 
5.0, releasing relatively insoluble free bilirubin, 
and that the cleavage was more complete in the 
case of indirect-reacting serum. Conceivably, the 
unbound pigment found in the globulin trail of 
the direct-reacting serum represented the indirect- 
reacting fraction present originally, while the pig- 
ment bound to albumin was all of the direct-re- 
acting type. 

At levels of pH between 2.0 and 4.0 it was found 
that the separation of bilirubin and albumin was 
complete in both types of serum (Figure 8). Re- 
versal of the migration and shifting the line of 
serum application were again used to exclude the 
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possibility that bilirubin was bound to a non-al- 
buminous protein. At pH 2.0 and 3.0 there was 
distinct precipitation to the cathodal side of the 
starting line, not only of bilirubin but also of pro- 
tein. Beyond this point both the protein and pig- 
ment were arranged in a pattern of irregular 
longitudinal streaks. 

It is clear from these experiments that the elec- 
trophoretic mobilities of direct- and indirect-re- 
acting bilirubin in serum are identical with that 
of albumin over a pH range of 6.0 to 9.0. Since 
albumin and globin differ markedly with respect 
to their isoelectric points, which lie at pH 4.4 
(27) and 7.5 (28), respectively, the two proteins 
could hardly migrate as a single peak at pH 6.0 
and 7.0. It must be concluded, therefore, that the 
bulk of the indirect-reacting bilirubin of icteric 
serum is not bound to globin. 

The observation that both types of bilirubin 
separate from their albumin complexes when the 
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Fic. 9. A. Socusitity or Pure Bittrusin (HorrMAN-LAROCHE) IN VARYING 
CONCENTRATIONS OF CHLOROFORM IN METHANOL 
An excess of bilirubin was shaken for one-half hour with each of the mixtures in 


a sealed nitrogen-filled bottle. 


photometrically at 450 mz following centrifugation and filtration. 


averages of triplicate determinations. 


The concentration of pigment was determined spectro- 


Values shown are 


B. DtazoTizATION REACTION CurRVES OF BILIRUBIN IN INCREASING CONCENTRATIONS 
OF CHLOROFORM IN METHANOL SHOWING THE Direct RELATIONSHIP BETWEEN SPEED 
oF DIAZOTIZATION AND CHLOROFORM CONCENTRATION 

All reaction mixtures contained 10 ml. of water and 0.4 mg. of bilirubin per 100 ml. 
The remainder was made up of varying proportions of methanol and chloroform as 
indicated. Values shown are averages of triplicate determinations. 
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TABLE Il 
Recovery of direct- and indirect-reacting bilirubin* in mixtures of serum of differing bilirubin content 


Initial concentration 


Theoreticalt concentration 
of mixture 


Per cent of theoretical 


Concentration found 
value recove 


in mixture 


Total Direct Indirect Total Direct Indirect Total 


Type of serum Direct Indirect Total Direct Indirect 
mg. per mg. per mg. per mg. per mg. per 
cent cent cent cent cent 
Obstructive j. 17.04 17.04 34.08 
Normal 0.19 0.38 0.57 
Mixture 1:1 8.61 8.71 


22.70 
0.76 


36.95 
0.95 


14.25 
0.19 


Obstructive j. 
Normal 
Mixture 1:1 


Obstructive j. 18.00 16.37 34.37 
Hemolytic j. 0.82 11.09 11.91 
Mixture 1: 1 9.41 13.73 
Obstructive j. 5.90 2.98 8.88 
Hemolytic j. 0.48 4.94 5.42 


Mixture 1:1 3.96 


Obstructive 5:37 345 902 

Hemolytic j. 3.02. $33 

Mixture 1:1 2.95 4.22 
Mixture 1 : 2 2.06 4.49 
Mixture 1:3 1.63 4.63 
Mixture 2: 1 3.82 3.98 
Mixture 3:1 4.27 3.84 


mg. per mg. per mg. per mg. per 
cent cent cent cent 
17.32 8.52 8.66 17.18 ' 99 99 99 


23.14 9.22 14.40 23.62 98 105 102 


101 


7.17 3.05 4.18 7.23 103 99 101 
6.26 1.87 4.56 6.43 114 98 103 
7.80 3.94 3.82 7.76 103 96 99 
8.11 4.13 4.22 8.35 97 110 103 


* Determined by a modification (14) of the Malloy-Evelyn method (15) adapted to the Beckman DU spectro- 


photometer. 


pH falls below 5.0 is of considerable interest, since 
diazotization is usually carried out at a pH of 2.0 
to 4.0, depending on the technique employed. 
Obviously, then, the direct and indirect reactions 
cannot be related to differences in protein link- 
age. An alternative possibility that merits con- 
sideration is that the type of reaction depends on 
the solubility of unbound bilirubin in an acid 
medium. At the pH of the van den Bergh reac- 
tion the pigment is known to be relatively insolu- 
ble in water (29) and, hence, incapable of diazo- 
tization (30). However, in the case of serum- 
diazo mixtures significant solution must occur, 
since a direct-reacting fraction of pigment can be 
detected in all sera (1, 14). It is conceivable, 
therefore, that the percentage of bilirubin that re- 
acts directly is a function of solubility, dependent 
either on differences in the solvent properties of 
serum itself, or on the presence of variable pro- 
portions of two pigments with different solubili- 
ties at low pH. Accordingly, substances like al- 
cohol and caffeine might facilitate the diazotiza- 
tion of indirect-reacting bilirubin by increasing its 
solubility. 


t Values expected if there were simple summation of two distinct forms of bilirubin. 


In support of this hypothesis it was possible to 
demonstrate a relationship between the solubility 
of bilirubin and its rate of diazotization in several 
experimental systems. However, it was not pos- 
sible to do so in the case of serum. Thus, it was 
found that in chloroform-methanol mixtures both 
the solubility and rate of diazotization of bilirubin 
increased as the proportion of chloroform in the 
system rose (Figure 9). A similar relationship 
could also be established in an aqueous system in 
which the pH was varied. The possibility was 
considered that the solubility of bilirubin in direct- 
reacting serum might be enhanced by the presence 
of the hypothetical catalyst described by Cantarow 
(31). However, when sera containing different 
proportions of direct- and indirect-reacting_bili- 
rubin were mixed, the final concentrations ob- 
served were those predicted for the simple sum- 
mation of two pigments (Table II), and did not 
show the relative increase in the direct-reacting 
fraction reported by Cantarow (31). Similarly, 
when ultrafiltrates of normal and strongly direct- 
reacting serum were compared with respect to 
their capacity to enhance the diazotization rate of 
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a slow-reacting alkaline solution of bilirubin in al- 
bumin no difference was observed. 

Although there is no evidence to support the 
hypothesis that the ratio of direct- to indirect- 
reacting bilirubin in serum depends on the solvent 
properties of serum itself, it is difficult to exclude 
the possibility that the ratio is related to the pres- 
ence of varying proportions of two pigments with 
different solubilities. Indeed, the recent observa- 
tions of Cole and Lathe (32), indicating that the 
two pigments can be separated by reverse phase 
chromatography, and that the direct-reacting type 
is more soluble in water, are consistent with this 
interpretation. 

Najjar and Childs (33) have found that, when 
serum is brought to a pH of 5.0, ether will extract 
most indirect-reacting pigment, but only 2 per 
cent of the direct-reacting type, a phenomenon con- 
sistent with our observation that the former sepa- 
rates from its albumin complex at pH 5.0, and the 
latter at pH 4.0. It is also known that the two 
pigments differ with respect to their solubility in 
organic solvents at the normal pH of serum (6, 
34). These observations suggest that the linkage 
between bilirubin and albumin differs in the two 
types of serum, and are also consistent with the 
concept that there is a subtle difference in the 
structure of the two pigments. 


SUMMARY 


By means of filter-paper electrophoresis it has 

been shown that most, if not all, of the bilirubin in 
serum is bound to albumin, irrespective of its 
behavior in the van den Bergh reaction. While 
it is not possible by this technique to exclude the 
presence of smal] amounts of pigment in the alpha,- 
globulin of Cohn’s Fraction V-1, it has been cal- 
culated, from what is known about its concentra- 
tion in plasma and its bilirubin-binding capacity, 
that it cannot account for more than 0.05 mg. of 
bound pigment per 100 ml. of serum. 

Several lines of evidence have been presented 
to show that indirect-reacting serum bilirubin is 
not a globin complex. These include the demon- 
stration that (a) the electrophoretic mobility of 
native globin differs from that of serum bilirubin, 
(b) the direct- and indirect-reacting pigments 
cannot be separated electrophoretically at pH 
6.0, a level at which albumin and globin migrate 
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toward opposite poles, and (c) the solubility and 
bilirubin-binding capacity of globin are so low at 
the normal pH of the blood that a globin complex, 
if present, could not account for more than 1.0 
mg. of bound pigment per 100 ml. 

Attempts to distinguish between the two types 
of pigment in serum on the basis of their am- 
monium sulfate fractionation patterns have been 
unsuccessful, both patterns invariably coinciding 
with that of albumin. 

It has been found that both types of bilirubin 
in serum remain firmly bound to albumin at levels 
of pH between 6.0 and 9.0, and separate at levels 
below 5.0. Only at pH 5.0 has a difference been 
observed, the separation of pigment from protein 
being relatively complete in the indirect-reacting 
type and partial in the direct-reacting, suggesting 
that the protein-linkages of the two pigments dif- 
fer. Since the van den Bergh reaction is usually 
carried out at a pH of 2.0 to 4.0, it must be as- 
sumed that both types of bilirubin are in an un- 
bound state when they react with the diazo reagent. 

The implications of these observations have been 
discussed and the possibility has been considered 
that the variable behavior of bilirubin on diazo- 
tization may be related to differences in its solu- 
bility in an acid medium. Recent chromatographic 
evidence, suggesting that the two pigments differ 
with respect to their chemical structure and solu- 
bility in water, appears to be consistent with this 
hypothesis. 

It is concluded that (a) the bulk of bilirubin in 
serum is bound to albumin, irrespective of its be- 
havior in the van den Bergh reaction, (b) there 
is no evidence that, in the breakdown of hemo- 
globin, globin remains attached to its prosthetic 
group to yield indirect-reacting bilirubin, (c) the 
two types of van den Bergh reaction are not re- 
lated to differences in bilirubin-protein linkage, 
and (d) the action of alcohol in facilitating the 
diazotization of indirect-reacting bilirubin does not 
depend on the cleavage of a pigment-protein com- 
plex. 
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In 1948, Mason and Sprague (1) reported the 
isolation of hydrocortisone from the urine of a 
patient with Cushing’s syndrome, and thus pro- 
vided evidence that hydrocortisone was produced 
by the human adrenal cortex. Subsequently, hy- 
drocortisone was found to be one of the principal 
corticoids in human adrenal gland perfusates (2) 
and in human peripheral blood (3). These ob- 
servations strongly suggest that hydrocortisone 
may be the principal corticosteroid secreted by 
the adrenal cortex of man. Recent studies (4, 5) 
utilizing hydrocortisone-4-C* have elucidated 
much new information regarding the metabolism 
and physiological disposition in man of this natu- 
rally occurring adrenal steroid. 

The availability of labeled hydrocortisone has 
made possible the direct estimation of the magni- 
tude of the reservoir of hydrocortisone in the body, 
and the rate at which new, non-isotopic hydrocor- 
tisone is synthesized in the body and enters the 
reservoir. This report is concerned with the ex- 
perimental determination of the magnitude of the 
miscible pool of hydrocortisone and the rate of 
its turnover in man. These estimations depend 
upon serial measurements of the specific activity 
of circulating hydrocortisone after the infusion of 
trace quantities of hydrocortisone-4-C** and analy- 
ses of these data utilizing conventional turnover 
calculations (6,7). Observations have been made 
in normal subjects, and subjects receiving adreno- 
corticotropin and A’ cortisone (prednisone). 


MATERIALS AND METHODS 


Nine normal subjects (7 male and 2 female) were used 
for these studies. Each subject received 1 to 2.5 micro- 
curies of hydrocortisone-4-C™ dissolved in 2 to 5 ml. of 
10 per cent ethanol in sterile distilled water. The steroid 
was administered intravenously in the fasting state in 
the morning over a period of approximately 3 minutes. 
Heparinized blood samples (40 to 60 ml. each) were col- 
lected at 30 to 40-minute intervals after injection of the 
isotope. 
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Procedure for determination of specific activity of cir- 
culating hydrocortisone 


Twenty-five to 35 ml. of plasma were extracted gently 
for 10 minutes on a rotator (Arthur H. Thomas Co., 
Catalog No. 3623) in a 700-ml. Erlenmeyer flask with 5 
volumes of dichloromethane (purified by passing through 
a column of silica gel [5]). 

The plasma and solvent were gently transferred to a 
200-ml. ground-glass stoppered cylinder, and the plasma 
removed by aspiration. 

The dichloromethane extract was washed successively 
with 45 volume of 0.01 N sodium hydroxide, 45 volume 
of 0.1 M acetic acid, and 45 volume of water. 

The washed extract was evaporated to dryness in 
vacuo at a temperature of 30 to 40° C. 

The residue was dissolved in a small volume of di- 
chloromethane and then applied to Whatman No. 1 filter 
paper (16 by 55 cm.) previously washed continuously 
with reagent grade methanol for 10 or more days in a 
large chromatography cabinet (Chromatocab).1 The 
filter paper was kept in the Chromatocab until ready 
for use. A reference standard containing 5 to 10 micro- 
grams of hydrocortisone was run on the same filter paper 
strip. 

After an initial 1 to 2-hour equilibration period at 
room temperature in a modified Bush-type (8) system 
(benzene 4: methanol 2: water 1), the chromatogram was 
developed for 6 to 8 hours. 

Following the chromatography, the strip was removed 
and scanned with ultraviolet light. The hydrocortisone 
standard and plasma hydrocortisone were located and 
marked with pencil (hydrocortisone moves approximately 
10 cm. in 6 hours). 

A small transverse band of paper (15 mm. wide and 
30 mm. long) containing the plasma hydrocortisone was 
cut out. The band was cut as narrow as possible, per- 
pendicular to the running “‘rection of the solvent. When 
the plasma hydrocortisone was present in quantities in- 
sufficient to detect with the ultraviolet light, the band 
was cut at a position directly opposite the hydrocortisone 
standard. 

The hydrocortisone was eluted from the paper with 
3 to 4 ml. of cold 95 per cent redistilled ethanol, and the 
ethanol evaporated to dryness with nitrogen. 

The residue was dissolved in a small volume of puri- 
fied dichloromethane (4 to 8 ml.). An aliquot of known 


1“Chromatocab.” Research Equipment Corporation, 


Oakland, California. 
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FLUORESCENCE SPECTRAL CHARACTERISTICS OF HYDROCORTISONE 
AND PLASMA STEROID ELUTED FROM PAPER CHROMATOGRAM 
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Fic. 1. FLUORESCENCE SPECTRAL CHARACTERISTICS OF HypROCORTISONE AND THE 
PLASMA STEROID ELUTED FROM PAPER CHROMATOGRAM 


Spectra determined in mixture 7 parts H,SO, and 3 parts ethanol. 


volume was transferred to a small conical ground-glass 
stoppered tube for fluorescence assay. 

An aliquot for carbon“ assay was evaporated to dry- 
ness and the residue dissolved in methanol and trans- 
ferred quantitatively to a stainless steel planchet (sur- 


face area of 1.6 sq. cm. and depth of 0.6 cm.), and the 
methanol evaporated to dryness on a rotating platform 
with the aid of a stream of air and an infra-red lamp. 
The samples were counted in a Robinson gas-flow de- 
tector (9) to within an error of approximately 3 per 


FLUORESCENCE CHARACTERISTICS OF HYDROCORTISONE 
AND PLASMA STEROID ELUTED FROM PAPER CHROMATOGRAM 
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SULFURIC ACID ABSORPTION SPECTRA OF 
HYDROCORTISONE AND THE PLASMA STEROID 
ELUTED FROM PAPER CHROMATOGRAM 
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Fic. 3. Sutrurtc Aci SpEcTRA oF Hy- 
DROCORTISONE (UppER CURVE) AND THE PLASMA STEROID 
ELuTED FROM PAPER CHROMATOGRAM (LOWER CuRVE) 


Steroids incubated at room temperature for 2 hours 
in concentrated sulfuric acid and spectra run in Beckman 
DK Recording Spectrophotometer. 


cent. This detector connected to a Nuclear Model 172 
scaler gave a background of 3 counts per minute with an 
efficiency for carbon” of about 53 per cent at infinite thin- 
ness. All counting results were corrected for instrument 
variation by reference to a barium carbonate-C™ standard. 

The other dichloromethane aliquot was used for assay 
of fluorescence by a modification of the method of Sweat 
(10). One ml. of a reagent containing 7 parts by vol- 
ume of concentrated sulfuric acid and 3 parts by volume 
of redistilled ethanol was added rapidly to the dichloro- 
methane, and the steroid extracted into the acid phase 
by vigorous shaking, immediately. The dichloromethane 
(upper) layer was removed by aspiration. 

After standing for 60 minutes the acid was transferred 
to a 1 cm. diameter pyrex cuvette and the fluorescence 
measured in a Farrand fluorimeter using the following 
filter combinations: primary filter, 470 ms# interference 
and No. 5133 Corning glass filter; secondary filters, 540 
mw interference and No. 3486 Corning glass filter. 

Standards containing 0.25, 0.5, and 0.75 micrograms of 
hydrocortisone were read with the unknowns. A linear 
relationship existed between the intensity of fluorescence 
and concentrations of hydrocortisone over a range of 
0.01 to 2.0 micrograms. The plasma samples and hydro- 
cortisone standards were read against a dichloromethane 


reagent blank. Filter paper blanks were also run, but with 
levels of hydrocortisone of 0.5 micrograms or more, these 
blanks contributed a negligible fluorescence. 

The specific activity of the plasma hydrocortisone ex- 
pressed as counts per minute per microgram was then 
calculated from the radioactivity value and the quanti- 
tative hydrocortisone value as determined by fluores- 
cence analysis. 


Evaluation of Basic Assumptions Necessary for 
Turnover Rate Studies 


1) Purity of the hydrocortisone of plasma extracts and 
paper chromatogram eluates 


(a) Migration rate on chromatogram—The dichloro- 
methane extract of plasma contains a substance that mi- 
grates at the same rate as hydrocortisone, as determined 
with ultraviolet light scanning and alkaline blue tetra- 
zolium staining. On addition of authentic hydrocorti- 
sone to the dichloromethane extract of plasma (mixed 
chromatogram), a single spot migrating at the same rate 


as hydrocortisone was found. 


(b) Fluorescence spectra—Figure 1 shows the spectral 
curves of fluorescence (activating and emitting energies) 
of authentic hydrocortisone and of the substance eluted 
from paper after chromatography of a plasma dichloro- 
methane extract.2 Figure 2 shows the fluorescence in- 
tensities of authentic hydrocortisone and the substance 
present in the chromatogram eluate as they vary with 
time in various concentrations of sulfuric acid and ethanol. 
The fluorescence intensity-time curves at these three 
concentrations of sulfuric acid appear to be characteristic 
for each individual steroid which fluoresces under these 
conditions. 

(c) Sulfuric acid absorption spectra—Figure 3 shows 
the absorption spectra of authentic hydrocortisone in 
sulfuric acid, and of the substance eluated from paper 
after chromatography. 

(d) Constancy of specific activity—Table I lists the 
specific activities of the steroid (hydrocortisone) in a 
dichloromethane extract of plasma eluted from paper 
after chromatography. (The plasma consisted of a pool 
collected from 3 normal subjects 30 minutes to 2 hours 
following intravenous administration of hydrocortisone- 
4-C“.) Aliquots of the paper eluate were assayed by the 


TABLE I 


Specific activities of plasma hydrocortisone after elution 
from paper chromatogram 


Counts per minute/microgram 


Tetra- 

hydro- 

hydro- 
cortisone 


Hydro- 
cortisone 
acetate 


Hydro- 
cortisone 


130 125 
140 140 125 


Fluorescence assay 
Phenylhydrazine assay 


2 We are indebted to Dr. Robert Bowman, of the Na- 
tional Heart Institute, for the spectral studies. 
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TABLE II 


Partition coefficients of authentic hydrocortisone and labeled 
plasma hydrocortisone after elution from 
paper chromatogram 


Ratio 
specific 
activity 
K* K upper 
authentic plasma and lower 
hydro- hydro- solvent 
cortisone cortisone phases 


0.91 0.91 1.05 


5.40 6.00 1.08 
0.60 0.66 0.90 


Solvent systems 


Water/CH2Cl.(1) : CCh(1) 
Water/CH;Cl.(1) : CCl,(4) 


Benzene/water 


*K = Partition coefficient (upper phase/lower phase). 


fluorescence method, the phenylhydrazine method (5, 11), 
and by radioactive counting. In addition, aliquots of the 
eluted steroid were evaporated to dryness and the residue 
acetylated. The acetylated product was rechromato- 
graphed in the benzene-methanol-water system, eluted, 
and its specific activity determined. An additional ali- 
quot was reduced enzymatically (12) to the tetrahydro 
derivative, rechromatographed in the benzene-methanol- 
water system, and the specific activity again determined. 
Finally, additional aliquots were taken for a study of 
partition coefficients (Table Il). The eluted steroid was 
partitioned between 3 different solvent systems, and the 
ratios of specific activities in the 2 solvent phases de- 
termined. A deviation from a ratio of 1.0 would have 
constituted evidence for non-identity of the plasma ster- 
oid with hydrocortisone. 


2) Steady state (Constancy of the magnitude of the 
rapidly exchangeable pool, and of the quantities of 
hydrocortisone entering and leaving this pool per 
unit time.) 


Determinations of plasma hydrocortisone concentra- 
tions were made at the beginning and at the end of the 
study, and in none of these subjects did a variation in the 
plasma level of more than + 15 per cent occur. The sub- 
jects were therefore considered to be in a steady state 
with regard to plasma hydrocortisone concentrations, and 
thus also with regard to the magnitude of the miscible 
pool. It was therefore assumed that the rate of entry of 
hydrocortisone into the pool equalled the rate of its 
disappearance from the pool. The fact that after 20 to 
30 minutes following injection of the hydrocortisone-4-C* 
the experimental specific activity values were distributed 
close to a straight line on a semilogarithmic plot vs. time 
(Figure 4) is in conformity with this assumption re- 
garding the steady state. 


3) Failure of isotopic hydrocortisone to re-enter the 
miscible pool 


It appears likely that hydrocortisone, once removed 
from the circulating pool by the liver, does not again 
re-enter the pool as unaltered hydrocortisone. This con- 
clusion is strongly suggested by an experiment wherein 
specific activities of circulating hydrocortisone, sampled 
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simultaneously from a peripheral vein and from the he- 
patic vein by catheterization, were compared following 
intravenous administration of a trace quantity of labeled 
hydrocortisone (Figure 5). The specific activities of 
hydrocortisone obtained from both sites were similar for 
at least 3 hours, indicating no significant reversible con- 
centration of hydrocortisone by the liver. Furthermore, 
although metabolites of hydrocortisone do appear in the 
bile (5), no unaltered hydrocortisone is thus excreted, 
so that re-entry of the steroid into the miscible pool by 
intestinal absorption appears excluded. Finally, the 
plasma protein binding of hydrocortisone (5) is readily 
reversible, as dialysis studies have shown, thus dismissing 
the consideration of inhomogeneity within the pool on 
this basis. 


4) Rapid mixing within the circulating pool 


When the specific activities of circulating hydrocorti- 
sone determined serially after the intravenous administra- 
tion of hydrocortisone-4-C™ were plotted on semilogarith- 
mic coordinates, a rapid initial decline was observed 
(Figure 4). However, after 20 to 30 minutes, a single 


SPECIFIC ACTIVITY OF HYDROCORTISONE 
IN PLASMA FOLLOWING INTRAVENOUS 
ADMINISTRATION OF HYDROCORTISONE-4-C!4 


° 
° 
° 


62 MIN. 


° 
° 


SPECIFIC ACTIVITY (COUNTS / MINUTE / MICROGRAM) 


° 


TIME IN MINUTES 


Fic. 4. Specrric Activiry oF HypbRocorRTISONE IN 
PLasMA FoLLow1nG INTRAVENOUS ADMINISTRATION OF 

The data of this experiment (Subject J. B., Table III), 
when analyzed by the method of least squares, indicated 
a miscible pool of 1.052 + 0.100 mg. and a turnover rate 
of 0.709 + 0.087 mg. per hour. 
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exponential process was observed for as long as sig- 
nificant quantities of radioactivity were present in the 
plasma (4 to 6 hours). The initial rapid decline was 
attributed to distribution of the labeled steroid in the 
exchangeable hydrocortisone pool. These results sug- 
gest that equilibration of labeled hydrocortisone and 
circulating hydrocortisone occurred within 20 to 30 
minutes. 


5) Trace quantity of injected hydrocortisone 

In most cases a quantity of hydrocortisone-4-C™ equal 
to 10 to 25 per cent of the total body pool was injected, 
a quantity considered to satisfy the criteria of a trace 
dose. 


6) Purity of injected hydrocortisone-4-C* 


The labeled hydrocortisone has been evaluated by both 
paper chromatography and isotope dilution and has been 
found to be approximately 94 per cent authentic hydro- 
cortisone. An average figure of 94 per cent purity has 
been used in the calculations, which requires a knowl- 
edge of the exact quantity of hydrocortisone injected. 
The specific activity of this hydrocortisone was 4600 
counts per minute per microgram. 


RESULTS 


After the injection of hydrocortisone-4-C*, a 
rapid initial fall in specific activity was observed 
(Figure 4). After approximately 20 minutes, a 
more gradual decline occurred. This gradual de- 


cline represented a first order function, since a 
semilogarithmic plot revealed that these points 
approximated a straight line. This exponential 
decay was interpreted as a measure of the rate of 
replacement of the labeled hydrocortisone by 
newly synthesized unlabeled hydrocortisone. 

By extrapolation of the linear portion of the 
curve of specific activity to zero time, it was pos- 
sible to determine the specific activity of the hy- 
drocortisone in the body (miscible pool) capable 
of prompt mixing, immediately after injection (6). 
From this value (I,), and knowledge of the quan- 
tity (a) and specific activity (1,) of the injected 
tracer, the magnitude of the miscible pool (A) 


was calculated. 


The biological half-time of the hydrocortisone 
was obtained graphically from the linear plot of 
the slow component.’ The negative slope of the 
line gave the turnover rate expressed in pools per 
unit time, which was computed from the following 
expression (7) : 

log 2 


Turnover rate (K) = 


This expression is derived from the equation 
for a first order reaction: 
I = I,e-*t 
where 


I = hydrocortisone-4-C" at any time 


I, = hydrocortisone-4-C" at zero time 
t = time in hours 
K = fraction of all the hydrocortisone in the 


miscible pool which is replaced by non- 
isotopic hydrocortisone each hour. 


Hydrocortisone turnover (KA), expressed in 
micrograms per hour, was computed from the 
value for the miscible pool (A) and the rate of 
its turnover (K) in pools per hour. This figure 
was projected to mg. turned over per day by mul- 
tiplying by 24 and dividing by 1000. 


3 This biological half-time must not be confused with 
the previously reported biological half-time for the rate 
of disappearance of hydrocortisone from plasma (5). 
The decline in specific activity is a measure of the rate 
of appearance of newly synthesized unlabeled hydrocor- 
tisone into the pool, and is in no way related to the rate 
of disappearance of hydrocortisone from the pool. 
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TABLE III 


Miscible pool of hydrocortisone and its turnover in normal subjects 


Hydro- 


cortisone 
turn- Plasma Volume 
Turnover Urinary over as hydro- of distri- 
° Wt. Dose Inter- Miscible corti- urinary corti- bution 
kilos injected cept pool (KA X coids$ corti- sone§ [A (ug.)/ 
Subject Age (W) (a) (Io) (A) ty (K) (KA) 24) (U) coids (P) 10P) 
Pool/ mg./ me./ meg./ % (U/KA 
ue. cpm/ug. mg. hours hr. hr. day day X24) us. To liters 
° Le. oe 70 500 860 ye 1.83 0.38 0.83 20 4.8 24.0 16 14 
TRS 70 500 800 2.4 1.53 0.45 1.08 26 4.8 18.5 18 13 
1. 30 73 500 1,200 1.4 1.23 0.56 0.80 19 11 11 
ik. 20 68 500 1,300 1.8 Las 0:52 G32 22 §.2 23.5 19 9.5 
Rit? 36 68 350 820 1.6 1.03 0.67 1.09 26 5.0 19.0 19 8.5 
B..5 16 67 500 930 2.0 1.43 0.49 0.96 23 4.3 19.0 16 12 
a gall | 67 350 700 2.0 1.38 0.50 0.98 24 4.8 20.0 16 12 
E. P-? 20 67 300 520 2.4 2.30 0.30 0.70 17 4.0 23.5 24 10 
LAF 2s 66 300 920 1.2 1.08 0.64 0.77 19 5.0 26.0 15 8.0 
= Pi 69 450 1,350 Ld 1.03 0.67 0.74 18 7.0 39.0 13 8.5 
cms: 22 69 400 1.5 1.33 O52... G75, 18 6.5 36.0 17 8.5 
D.B 26 84 270 460 2.4 1.30 O50; E22 2 10.5 38.0 14 17 
D.B.t 26 84 270 1,400 0.6 0.83 0.84 O51 12 4 15 


+ Wer second experiments were done approximately 2 weeks following the first experiment. 
omen. 
i The second study was started at 9:00 p.m. 

Determined by method of Peterson and his co-workers (5, 11). 


In order to evaluate the precision of the graphic procedures agreed in all cases within 5 per cent, 
determinations of the intercept, I,, and of the rate so that the graphic method of analysis was chosen 
constant, K, these values were also determined in for routine use. 
several studies by the method of least squares. In Table III are listed the data obtained in 9 
The probable error of pool size, + AA, was de- normal subjects. The mean value for the miscible 
termined by calculations previously published (13) pool of hydrocortisone was 1.8 mg., with a range 
and that of the rate constant, + AK, by the method of 1.1 to 2.4 mg. The mean half-time of the hy- 
of least squares. The hydrocortisone pool size and drocortisone was 1.38 hours with a range of 1.03 
daily turnover rate values determined by these two to 2.30 hours. The mean hydrocortisone turn- 


TABLE IV 
Miscible pool of hydrocortisone and its turnover afler suppression and stimulativn of the adrenal 


Hydro- 
cortisone 


Dose Miscible Turnover Urinary turnover Plasma 
injected Intercept pool corticoidstt as urinary hydrocor- 
Subject* (a) (Io) (A) ty (K) (KA) (KA X24) (U’) corticoidst tisonet,§ 
cpm/ug. mg. hours Pools/hr. mg./hr. mg./day mg./day % (U'/|KA X24) ue. % 
a I 200 3,000 0.12 1.67 0.41 0.05 12 0.8 67.0 3 
1.08 0.64 6.42 154 46.0 30.0 


1.03 4.84 116 36.0 31.0 
21 M?Il 360 200 7.90 0.95 0.73 $53 133 38.0 28.5 30 
0.00 1.28 5.41 130 36.0 27.5 


(I) 8 hours after oral administration of 60 mg. prednisone over previous period of 42 hours. 
(II) 6 hours after start of continuous infusion of 5 units adrenocorticotropin per hour. 
6 hours (I), 18 hours (II), and 40 hours (IIT) after start of continuous infusion of 5 units adrenocortico- 


R: 
R. U. 
tropin per hour. 

¢ Urinary excretion based on 2-hour urinary excretion at 6 to 8 hours (R. U. II; L. B. I), 18 to 20 hours (L. B. II), 
and 40 to 42 hours (L. B. III). 

t Determined by method of Peterson and his co-workers (5, 11). 

§ Mean plasma steroid value based on average of 6 different determinations made throughout the 3-hour period of 
the study. 
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over rate was 0.52 pool per hour, or 0.91 mg. per 
hour with a range of 0.70 to 1.22 mg. per hour. 

In two of three subjects in whom a second ex- 
periment was performed some weeks after the 
first, moderate variations were found in both 
pool size and turnover rate. Whether these dif- 
ferences represent experimental errors or varia- 
tions in the rate of production of hydrocortisone 
in these subjects is uncertain. However, in one 
subject (D. B.) turnover studies conducted at 
9:00 a.m. and at 9:00 p.m. (four days later) re- 
vealed clearly that hydrocortisone production di- 
minished late in the evening compared with the 
morning. In this subject the hydrocortisone pool 
was 2.4 mg. at 9:00 a.m. and 0.6 mg. at 9:00 p.m. 
Corresponding plasma hydrocortisone concentra- 
tions were 14 and 4 micrograms per cent. Hydro- 
cortisone production was estimated to be 1.22 mg. 
per hour in the morning and 0.51 mg. per hour in 
the late evening. 

In Table IV are listed the turnover rate data in 
two normal male subjects obtained after the con- 
tinuous intravenous administration of 5 units of 
adrenocorticotropin per hour over periods of 10 
hours (R. U.) and 44 hours (L. B.). In R. U. 
the turnover study was started 6 hours after the 
beginning of the infusion and in case L. B. turn- 
over studies were started at 6, 18, and 40 hours. 
Hydrocortisone pool sizes ranging from 7.2 to 
10.0 mg. were found, and hydrocortisone produc- 
tion values equivalent to 116 to 154 mg. per day 
were calculated. In patient R. U., a turnover 
study was also done after the suppression of 
adrenal activity with orally administered A’ corti- 
sone (prednisone) (10 mg. every 6 hours—first 
dose given 42 hours before start of study and turn- 
over study started 8 hours after last dose). En- 
dogenous hydrocortisone production was reduced 
to a rate of 1.2 mg. per day. 

As an adjunct to the above results, estimations 
were made of the apparent volumes of distribution 
of the hydrocortisone pool. These were obtained 
by dividing the size of the pool in micrograms by 
the concentration of hydrocortisone in plasma in 
micrograms per ml. (The method used for the 
determination of plasma hydrocortisone has been 
shown to be specific for hydrocortisone [11].) 
Values of 8 to 17 liters were obtained for the ap- 
parent volume of distribution of hydrocortisone. 
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DISCUSSION 


Implicit in all isotopic turnover studies are cer- 
tain assumptions, the validity of which must be 
evaluated in each case. An important considera- 
tion is that hydrocortisone only is being measured, 
and that in the determination of radioactivity only 
that radioactivity is measured that is due to un- 
changed hydrocortisone. The method described 
by Peterson and his co-workers (5, 11) has been 
shown to be specific for hydrocortisone normally 
present in plasma dichloromethane extracts, and 
this method would therefore be adequate for de- 
termining the hydrocortisone concentrations in 
plasma. However, a direct dichloromethane ex- 
tract of plasma samples drawn after the infusion 
of hydrocortisone-4-C™* contains many free ster- 
oids that are radioactive but are not hydrocorti- 
sone. These metabolites may account for up to 50 
per cent of the radioactivity in the dichloromethane 
extracts of plasma (5). Data are presented to 
show that the steroid eluted from paper and meas- 
ured fluorometrically is indeed hydrocortisone- 
4-C*, It may be of interest to note that the meth- 
ods of analysis used do not depend upon obtaining 
quantitative recoveries from either the plasma ex- 
tractions or the paper chromatography. 

Another fundamental assumption is that the 
subject is in a steady state throughout the dura- 
tion of the study, 7.e., that the total quantity of the 
compound whose turnover is being measured is 
sensibly constant, and therefore that the rate of 
addition of newly formed compound to the miscible 
pool is balanced by a similar rate of removal of 
compound from this pool. Further, it is assumed 
that mixing of the fraction added within the pool 
is rapid with respect to the frequency of sampling, 
and therefore that the samples withdrawn faith- 
fully reflect the characteristics of the entire pool. 

The validity of these assumptions has been care- 
fully examined in the present study. As was 
pointed out, the level of phenylhydrazine reactive 
material extracted from plasma was essentially 
constant during the 3-hour period of study in all 
subjects tested. Other studies have demonstrated 
that this plasma component consists very pre- 
dominantly of hydrocortisone (5, 11), so that the 
existence of a steady state during the short period 
of study may logically be inferred. It must be 
pointed out, however, that diurnal variations in 
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plasma hydrocortisone levels (14) and in urinary 
corticoid excretion (15) do occur, and indeed were 
demonstrated in some subjects of the present 
study. Such variations, when noted, indicated 
maximal adrenal activity during mid-morning 
hours, relative stability during the forenoon, a 
gradual decline in activity throughout the after- 
noon and evening, and minimal adrenal activity 
in the late evening and early morning hours. In 
one subject studied both in the mid-morning and 
late evening, a rather striking reduction in the 
rate of synthesis of hydrocortisone in the late 
evening hours was demonstrated. Since, with 
this one exception, the turnover studies reported 
in this paper were conducted in the forenoon 
hours, after the period of accelerated adrenal ac- 
tivity and before the period of tapering decline, it 
appears likely that these measurements of hydro- 
cortisone turnover not only reflect steady state 
conditions but also constitute adrenal cortical se- 
cretion values which may be considered repre- 
sentative samplings of the average cortical activity 
of the entire day. For these reasons it appears 
valid to express hydrocortisone turnover in terms 
of daily production, even though the results were 
derived from a short sampling period. 

In the normal individuals, the miscible pool of 
hydrocortisone averaged 1.8 mg., with a range 
of 1.1 to 2.4 mg. Approximately one-half this 
pool was replaced by newly synthesized hydro- 
cortisone each hour during the period of the study. 
In these subjects the projected daily turnover of 
hydrocortisone averaged 22 mg., with a range of 
17 to 29 mg. 

The direct measurement of hydrocortisone pro- 
duction, as reported herein, has yielded values 
which confirm various estimates based on indirect 
methods, and in so doing establish the general 
validity of these approaches. For example, Dorf- 
man (16) estimated hydrocortisone production to 
be 21 mg. per day, on the basis of the quantities 
of 11 oxy- and 11 desoxy-C” neutral 17-ketoster- 
oids in normal urine. Silber (17) also estimated 
daily production to 21 mg. per day, as judged from 
the quantity of endogenously produced phenylhy- 
drazine chromogenes in urine, the calculations in 
each patient being based on the fraction of a test 
dose of cortisone excreted as similarly reactive 
metabolites. Bondy and Altrock (18) also ar- 
rived at a value of 21 mg. per day on the basis of 
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renal vein catheterization studies. However, the 
apparent agreement of this value may be fortui- 
tous since the plasma hydrocortisone method em- 
ployed gave low values in normals, and the stress 
of the procedure might have been expected to al- 
ter adrenal activity.* Finally, clinical experience 
in Addisonian and adrenalectomized patients also 
indicates that hydrocortisone production in healthy 
individuals during average activity is in the range 
of 25 to 35 mg. per day (19). Of course, a pa- 
tient with total adrenal insufficiency is also defi- 
cient in other cortical steroids such as corticoster- 
one, aldosterone, and various C’® steroids, and the 
absence of these steroids may influence the main- 
tenance requirements of hydrocortisone. 

The method reported in this paper has provided 
the first direct information on the extent of the 
maximal adrenal response in normal subjects to 
the continuous intravenous administration of 
adrenocorticotropin. It has also demonstrated 
that after about 6 hours the adrenal response is 
maximal and that hydrocortisone synthesis does 
not increase during the next 36 hours despite 
continued administration of adrenocorticotropin. 
These results are in agreement with our data and 
the data of others on the plasma hydrocortisone 
and urine phenylhydrazine reacting steroid levels, 
after adrenocorticotropin stimulation. The plasma 
hydrocortisone concentrations reach a constant 
level after 4 to 6 hours in normals. Also, after 
6 to 8 hours the urinary steroid excretion per 2- 
hour period remains constant for at least 44 hours. 

After administration of a small quantity of 
prednisone, over a short period of time, a very 
marked suppression of adrenal hydrocortisone se- 
cretion results, thus demonstrating the great de- 
pendence of the adrenal for pituitary adreno- 
corticotropin. After this marked and rapid sup- 
pression, the adrenal in this normal subject was, 
however, capable of responding at a normal rate 
to exogenous intravenous adrenocorticotropin. 

Previous studies (5) on the metabolic fate and 
physiological disposition of hydrocortisone have 
demonstrated that approximately 90 per cent of 
the radio-metabolites of either a tracer or a larger 
intravenous dose of this hormone are excreted in 


4In the study conducted during hepatic catheterization, 
a projected hydrocortisone turnover of 40 mg. was 
found, and this high value in a normal subject was re- 
garded as a manifestation of stress. 
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the urine. Less than one per cent of this quantity 
consists of unaltered hydrocortisone. After 6-glu- 
curonidase hydrolysis of conjugated metabolites, 
20 to 30 per cent of the administered dose is re- 
covered as phenylhydrazine reactive products, 
whereas 60 to 70 per cent of the administered dose 
is recovered by radioactive assay. The phenylhy- 
drazine reactive group was discussed in terms of 
metabolites having reduced A,, 3-keto groups, and 
the latter in terms of similarly reduced steroids 
having in addition @ or B-20-ol groups (5), so as 
no longer to react with phenylhydrazine. These 
recent studies show clearly the reason for the 
great disparity between the values for hydrocorti- 
sone turnover (Table III, Column 10) and for 
urinary corticoids (Table III, Column 11) as 
shown in this paper. The lack of a very consistent 
relationship between the two values (see Table 
III, Column 12) illustrates the hazard of placing 
too great emphasis on urinary corticoid values as 
an accurate index of adrenal cortical function. 

A similar caution may be interjected with ref- 
erence to the level of hydrocortisone in plasma, 
particularly at rather low levels which may be 
compatible with turnover values well within the 
normal range. In addition, the plasma level is 
often normal in the presence of either increased or 
decreased adrenal hydrocortisone production. In 
cirrhosis, for example, plasma steroid levels are 
normal whereas urinary corticoids are low (20), 
and infused hydrocortisone disappears at a rate 
slower than normal (5). The hydrocortisone pool 
is normal (in the absence of ascites) but its turn- 
over may be decidedly reduced (20). Again in 
thyrotoxicosis, plasma hydrocortisone levels are 
normal or low, urinary corticoids are normal or 
increased, and infused hydrocortisone disappears 
at a rate faster than normal (20). In this con- 
dition, the hydrocortisone pool is normal or low 
but its turnover is markedly increased. Similar 
studies in myxedema have disclosed a reduced 
turnover, in the presence of normal plasma steroid 
levels. 

The apparent volume of distribution of the mis- 
cible pool of hydrocortisone has been determined 
in each patient of this study. The mean value 
averaged 11 liters with a range of 8 to 17 liters. 
It is unlikely that the volume has any physical 
reality, since protein binding in the extravascular 
spaces is probably not quantitatively identical with 
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that in plasma, where 75 per cent of hydrocorti- 
sone exists in association with non-diffusible ele- 
ments (5). This volume must therefore be re- 
garded solely as that theoretical volume in which 
the miscible hydrocortisone exists at a concentra- 
tion equal to that of plasma. 


SUMMARY 


Utilizing trace quantities of intravenously ad- 
ministered hydrocortisone-4-C'*, we have deter- 
mined the magnitude of the miscible pool of hy- 
drocortisone in the normal subject to be 1.1 to 2.4 
mg. This pool of hydrocortisone has been found 
to be distributed in an apparent volume of 8 to 17 
liters. 

Calculations of turnover rate of endogenously 
synthesized hydrocortisone have ranged from 17 
to 29 mg. per day in 9 normal subjects. 

Following maximal adrenocorticotropin stimula- 
tion, the miscible pool of hydrocortisone increased 
to 10 mg., and the turnover rate increased to 154 
mg. per day in the normal subject. Following oral 
administration of A’ cortisone (prednisone), a 
marked decrease in both pool size and hydrocorti- 
sone turnover rate was demonstrated. 

The miscible pool and turnover rate of hydro- 
cortisone has been found to show a diurnal varia- 
tion. 
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The addition of adenosine to stored blood results 
in a chemical restoration of deteriorated erythro- 
cytes and sustains their viability during continued 
storage (1, 2). This phenomenon has been re- 
ferred to as the in vitro reversibility of a biochemi- 
cal lesion of storage. Apart from the implications 
of this reaction in red cell metabolism (3), it 
seemed of importance to evaluate the effect of 
adenosine in the preservation of blood. The pres- 
ent study indicates that adenosine and some re- 
lated purine nucleosides retard the onset of the 
storage lesion and extend significantly the period 
of viability of stored blood. The effective concen- 
tration of these supplements, as well as their po- 
tential toxicity, is discussed. 


METHODS 


The techniques for the measurements of erythrocyte 
phosphate partition, blood glucose, sodium and potassium, 
osmotic fragility, and aerobic utilization of glucose have 
been described (1, 4). Oxygen content and oxygen ca- 
pacity of erythrocytes were determined by the method 
of Van Slyke and Neill (5). 

Isotonic saline solutions of adenosine and its analogs 
were employed in concentrations of 50 to 100 umoles per 
ml. The nucleosides are soluble in warm saline. While 
relatively unstable with respect to re-precipitation at these 
concentrations, the nucleosides can be redissolved by 
subsequent heating. Sterilization of the solutions was 
accomplished by filtration through an ultrafine fritted 
pyrex glass disc. The method for the determination of 
adenosine concentration and absorption? has been re- 
ported (1). 

In the experiments reported, the control sample re- 
fers to blood stored in ACD alone. On the basis of in 
vitro studies on the synthesis of organic phosphate esters 


1 This investigation was supported in part by research 
grants from the United States Atomic Energy Commis- 
sion (Contract AT (45-1)-343) and the Department of 
the Army, Office of the Surgeon General (Contracts 
DA-49-007-MD-508 and DA-007-MD-512). 

2 Although this phenomenon could be absorption into 
the cell and/or adsorption onto the membrane, we shall 
use the term, absorption, throughout. 

8 National Institutes of Health, Formula B. 
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in stored blood, it was found unnecessary to maintain 
similar volumes in the samples within one experiment, 
and there were no additions made to the control aliquots, 
although nucleoside solutions were added to the experi- 
mental aliquots. 

Post transfusion survival of stored red cells was meas- 
ured with a double isotope technique in which Cr™ was 
employed as a tag for stored cells, and P*-labeled fresh 
cells were used as a blood volume reference (6). When 
the measurements were performed in duplicate, the ac- 
curacy of the survival determination was considered to 
be +5 per cent. Theoretical survival was determined 
from the ratio of the two isotopes. Subsequent survival 
of the Cr™-tagged cells was determined over a period of 
seven days. An excess loss of Cr™ of about 10 per cent 
occurs during the first 24 hours when washed fresh cells 
are transfused. The reported survival data are thus some- 
what lower than would be expected from comparable 
studies employing the technique of differential agglutina- 
tion of erythrocytes (Ashby). Before transfusion, cells 
stored with nucleosides, as well as control cells, were 
washed three times with saline. Hemolysis incident to 
washing was not usually significant before the 60th day 
of storage. 

Toxicity measurements were carried out in rabbits and 
dogs by the intravenous administration of sterile saline 
solutions of the purine nucleosides and related products. 
In addition, plasma, and hemolyzed and fresh red cells 
from blood stored in ACD plus adenosine, were tested. 
Rabbits were anesthetized with ether, and dogs were 
given sodium pentobarbital intravenously. The blood 
pressure, pulse pressure, and heart rate were recorded 
directly from the cannulated femoral artery by means of 
a Sanborn Electromanometer Model No. 120 and a San- 
born Poly-Viso Recorder. A simultaneous electrocardio- 
gram was obtained. : 


RESULTS 


I. Adenosine as a supplement to ACD in blood 
preservation 


A. Rabbit blood. The effects of a single ini- 
tial supplement of adenosine compared with inter- 
mittent addition of this nucleoside during storage 
are illustrated by the following typical experiment. 
Blood, collected in ACD, was divided into three 
parts. Aliquot 1 served as a control. To Aliquot 


. 
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TABLE I 
Storage of rabbit blood in ACD + adenosine at 4°C.* 


Cumulative 
umoles P/100 ml. RBC absorption Survival 
Days of adenosine of RBC 
storage Inorganic Organic (%) (%) 
0 142 2,442 

15 

C-1 1,130 1,036 74 

A-2 184 2,353 58 95 

A-3 174 2,443 62 86 
22 

C-1 1,317 601 68 

A-2 292 2,220 66 87 

A-3 180 2,454 66 88 
29 

C-1 1,400 519 53 

A-2 459 1,997 77 86 

A-3 188 2,541 71 86 
36 

C-1 1,470 362 38 

A-2 615 1,641 81 82 

A-3 199 2,563 74 83 
43 

C-1 1,497 348 20 

A-2 775 1,523 86 66 

A-3 151 2,278 77 76 
50 

C-1 1,500 289 7 

A-2 863 1,153 90 66 

A-3 174 2,581 80 81 


* Blood was collected in ACD and divided into three 
aliquots: 1) Control (C-1); 2) Initial addition of 2,800 
umoles adenosine per 100 ml. RBC (A-2); 3) Addition 
of 1,400 umoles adenosine per 100 ml. RBC weekly (A-3). 


2 was added 2800 pmoles adenosine per 100 ml. 
erythrocytes (RBC) at the beginning of storage. 
To Aliquot 3, 1425 wmoles adenosine per 100 ml. 
RBC was added initially and the same amount each 
week throughout the storage period of 50 days. 
As shown in Table I, the per cent absorption ? of 
adenosine was approximately the same in the 
treated samples, although the absolute amount 
taken up by the cells at 50 days in Aliquot 3 
(7300 pmoles per 100 ml. RBC) was almost three- 
fold greater than the uptake in Aliquot 2 (2590 
pmoles). Higher levels of cellular organic phos- 
phates were maintained in Aliquot 3, suggesting 
an increased utilization for this purpose. Erythro- 
cytes of both treated samples retained their organic 
phosphate components (adenosine triphosphate, 
hexose phosphate, and 2,3-diphosphoglycerate ) 
considerably better than did the control. 

The correlated post-transfusion survival meas- 
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urements (Table I) showed that at 15 days of 
storage, the erythrocytes stored in ACD alone 
were 74 per cent viable, while Aliquot 2 had 95 
per cent survival, and Aliquot 3, 86 per cent. At 
this time the amount of adenosine available to the 
cells in the latter two samples was the same (2800 
pmoles). This amount had been available to Ali- 
quot 2 from the beginning of storage, while only 
1400 pmoles was present in Aliquot 1 for the first 
week. The expected decline in survival of the 
control cells occurred subsequently. Both adeno- 
sine-supplemented samples showed about 85 per 
cent survival through 36 days. Thereafter, the 
viability of the erythrocytes of Aliquot 3 was bet- 
ter than that of Aliquot 2. Apparently the initial 
addition of adenosine, at the level employed, was 
adequate to maintain the red cells throughout the 
first five weeks of storage, and the weekly addi- 
tions were not of additional benefit. 

In Table II are shown the results of a long- 
term storage experiment in which rabbit blood 
was supplemented intermittently with 2300 to 
2500 pmoles adenosine per 100 ml. RBC. Ap- 
proximately 70 per cent of the adenosine was ab- 
sorbed. A sediment, noted in the treated blood 
sample at 105 days of storage, was presumed to 
represent precipitated adenosine or its degradation 
product. This did not appear to affect the phos- 
phate partition or the survival of these cells. The 
improved maintenance of the energy potential of 


TABLE II 


Storage of rabbit blood in ACD +-adenosine at 
4°C. for 105 days * 


moles Organic Survival 
P/100 ml. 


Days of RBC 
storage (%) 
0 2,504 
25 
Control 847 44 
Adenosine 2,000 65 
54 
Control 408 5 
Adenosine 1,417 56 
77 
Adenosine 1,431 59 
105 
Adenosine 1,271 44 


* Blood was collected in ACD and divided into two 
aliquots: 1) Control; 2) Adenosine (2,300 to 2,500 umoles 
per 100 ml. RBC) added on days 1, 25, 54, and 77. 
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TABLE III 
Post-transfusion survival of human blood stored in 
ACD +adenosine at 4°C.* 
Survival 
Days of RBC 
storage (%) 
19 
Control 77 
Adenosine 91 
42 
Control 29 
Adenosine 65 
68 
Control 4 
Adenosine 53 


* Human blood was collected in ACD and divided into 
two aliquots: 1) Control; 2) 2,500 umoles adenosine per 
100 ml. RBC added at days 1, 19, and 42. 


the cells, as indicated by organic phosphate levels, 
is evident in the adenosine-treated cells throughout 
storage. Prolongation of viability was demon- 
strated in the treated blood as compared with the 
control cells which were completely non-viable by 
the 50th day of storage. 

B. Human blood. Comparable experiments 
were performed with human blood. In a typical 
study, 2500 pmoles adenosine per 100 ml. RBC 
was added every three weeks for approximately 
10 weeks. The increased survival time of the 
adenosine-treated cells over a period of 68 days is 
shown in Table III. Other data which included 
phosphate partitions, osmotic fragilities, and de- 
terminations of the sodium-potassium gradient 
also indicated improved chemical characteristics 
of the erythrocyte when compared with the con- 
trol blood stored in ACD alone. 

C. Miscellaneous studies. Morphologic stud- 
ies of red cells stored in ACD compared with those 
stored with the addition of adenosine showed some 
difference, but this could not be expressed quan- 
titatively. The progressive spherocytosis, poikilo- 
cytosis, and crenation of stored blood was some- 
what retarded by the addition of adenosine. Like- 
wise, the flickering phenomenon, thought to bear 
some relation to normal function of the red cell 
(7), was maintained over a longer period of time. 
However, it was impossible to predict viability 
from these changes. The alterations in cell ap- 
pearance, observed after 60 to 120 days of storage, 
were still compatible with appreciable cell sur- 
vival (Tables II, III), which suggests that many 


of these morphologic changes are reversible upon 
re-entrance of the erythrocyte into active circu- 
lation. Appreciable spontaneous hemolysis was 
not observed before the 50th day of storage in 
blood stored in ACD + adenosine. As the stor- 
age period approached the 100th day some hemoly- 
sis was clearly visible, although less marked than 
that in blood stored in ACD alone, and further 
lysis of cells occurred when the cells were washed 
before transfusion. Correction for hemolysis was 
included in the calculation of viability when cells 
were stored for prolonged periods. 

Inasmuch as blood stored in ACD + adenosine 
is bright red after several weeks of storage, in 
contrast to the darker color of blood preserved in 
ACD alone, the oxygen content and capacity * of 
such blood were measured. The results, recorded 
in Table IV, suggest a decreased oxygen utiliza- 
tion of red cells during storage in blood supple- 
mented with adenosine. Concomitant analyses of 
aerobic utilization of glucose also showed the im- 
proved metabolic activity of erythrocytes stored 
several weeks in ACD + adenosine. 


TABLE IV 


Oxygen content and capacity of human blood during storage * 


Days Content Capacity Sat. pliters/hr./ 
storage (vol. %) (vol. %) with O2 ml. RBC 
1 day: 
Control 10.42 14.67 71.0 116 
Adenosine 12.19 14.58 83.6 117 
3 weeks: 
Control 6.50 13.02 49.9 72 
Adenosine 8.89 13.40 63.3 106 
7 weeks: 
Control 3.74 12.20 30.7 46 
Adenosine 6.50 12.37 52.6 103 


* Blood was collected in ACD and divided into two 
aliquots: 1) Control; 2) 2,500 umoles adenosine per 100 ml. 
RBC added after 1-day sampling and after 3 weeks’ stor- 
age. Both aliquots were equilibrated initially with nitro- 
gen, and sampling was accomplished under anaerobic 
conditions. 

t Aerobic utilization of glucose in cell suspension system: 
Main compartment: 0.01 ml. of 1 per cent methylene blue, 
0.30 ml. of 1.8 per cent glucose, 1.00 ml. of red cell sus- 
pension, 1.70 ml. of M/10 phosphate buffer, pH 7.5; center 
well: 0.20 ml. of SN NaOH. 0: gas phase: conventional 
Warburg apparatus; 37°. (Huennekens, F. M., Liu, L., 
Myers, H., and Gabrio, B. W., Unpublished observations.) 


#We are indebted to Dr. 
analyses. 


Robert Bruce for these 
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TABLE V 


Effect of glucose on the survival of blood 
stored with adenosine * 


Survival 
Days of RBC 
storage 1. blood (%) 


Glucose 


1 
Cit. 
Cit.+Gt 
Cit. +At 
Cit. +G+A 


14 
Cit. 
Cit.+G 
Cit. +A 
Cit.+G+A 


* Human blood was collected in 4 per cent citrate (1 vol. 
+9 vol. blood) and divided into four aliquots: 1) Control 
citrated blood; 2) Added 1,010 umoles glucose per 100 ml. 
blood ; 3) Added 1,100 umoles adenosine per 100 ml. blood; 
4) Added 1,010 umoles — and 1,100 umoles adenosine 
* 9 ml. blood. All samples were stored for 2 weeks 
at 4°C. 

+ G = glucose; A = adenosine. 

1490 uwmoles glucose per 100 ml. blood represents the 
— of glucose endogenous in the whole blood in each 
sample. 


II. Adenosine as a substitute for glucose in blood 
preservation 


It has been shown (1) that adenosine can re- 
verse the biochemical lesion of stored red cells 
in the absence of glucose. These results were ob- 
tained upon incubation of the aged cells with the 
riboside at 37°C. for one hour. In addition, 
Prankerd and Altman (8) have reported that 
erythrocytes can utilize adenosine in place of glu- 
cose to promote phosphate exchange when incu- 
bated over a six-hour period. It was of interest, 
therefore, to ascertain whether adenosine could 
replace glucose in maintaining viability of the red 
cell over a long period of storage at 4°C. The 
data shown in Table V indicate that, with only 
endogenous levels of glucose present in blood, 
there was almost complete glucose utilization in 
the presence of 1100 pmoles of adenosine per 100 
ml. whole blood, and the preservation of citrated 
blood was improved only slightly. At higher 
levels of glucose supplementation, a sparing action 
of adenosine on the utilization of glucose and im- 
proved viability of red cells could be demonstrated. 

Inasmuch as the level of adenosine employed 
in the previous experiment was about equimolar to 
glucose, it was thought that a replacement mecha- 
nism might require greater amounts of the ri- 
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boside. Consequently, citrated rabbit blood was 
stored with excess adenosine for four weeks (total 
of 15,000 umoles per 100 ml. RBC added at inter- 
vals). There was an appreciable sparing of glu- 
cose utilization in the presence of a large amount 
of adenosine. The viability of cells stored in ci- 
trate + excess adenosine was 59 per cent and that 
of citrate + glucose was 50 per cent at four weeks 
of storage. However, the combination of both 
glucose and adenosine resulted in even better 
survival (85 per cent). 


Ill. Effects of related nucleosides 


Nucleosides related to adenosine, such as ino- 
sine, deoxyadenosine, guanosine, and xanthosine, 
similarly stimulated a resynthesis of organic phos- 
phates in the stored erythrocyte after one hour in- 
cubation at 37°C. (3). The implications of this 
and the mechanism of action of nucleosides will be 
discussed in a subsequent communication. 

Inasmuch as significant reversal of the chemical 
changes of the storage lesion can be accomplished 
with purine nucleosides other than adenosine, and 
since adenosine has been found to have potentially 
toxic properties, the viability of red cells stored 
with other nucleosides was determined. 

A detailed study of deoxyadenosine, the least 
effective of the nucleosides on the basis of in 
vitro studies, is shown in Tables VI and VII. 
When this substance was added at the beginning 
of storage only, the optimal level for viability ap- 
peared to be 2600 moles per 100 ml. RBC, re- 
gardless of the fact that the level of organic phos- 
phate esters was maintained better in the pres- 
ence of an excess of the compound. The effect 


TABLE VI 


Concentration of deoxyadenosine in the storage 
of human blood * 


48 days’ storage 


Organic P Survival 
of RBC 


Deoxyadenosine 
added 


* Human blood was collected in ACD, divided into ali- 
uots, supplemented with increasing concentrations of 
eoxyadenosine, and stored at 4°C. for 48 days. 


490t 
1,500 
490 
1,600 
24 18 
800 70 ; 
12 36 | 
1,160 82 
‘ 
: 
(umoles/100 
ml, RBC) ml, RBC) (%) a 
0 154 5 
230 223 8 
600 240 15 
1,200 418 32 
2'600 660 51 
5°200 925 52 


TABLE VII 
Storage of human blood in ACD +deoxyadenosine 


umoles Nucleoside/ 
100 ml. RBC Nucleo- 
absorp- Survival 
Added Other tion of RBC 
initially additions (%) (%) 
I. 42da. storage 
‘ontrol 12 
D*1 3,500 75 69 
D2 3,500 7,000 69 74 
Exp.II. 48 da. storage 
ontrol 12 
A* 2,000 74 45 
D1 2,000 73 41 
D2 2,000 5,000 62 64 


*D = deoxyadenosine; A = adenosine. 


of the deoxyriboside was comparable to that of 
adenosine in prolonging viability of stored red 
cells. Similarly, it was most efficacious when 
added at intervals throughout storage in order to 
maintain a higher concentration of the nucleoside 
and a greater absolute absorption. 

Blood stored with xanthosine resulted in a sedi- 
ment formation and was not tested for survival. 


IV. Toxicity of nucleosides 


Preliminary studies were undertaken in order 
to evaluate the relative toxicity for animals of 
adenosine and its analogs. Of the effects reported, 
hypotension appeared to be the most important 
and sensitive for assay purposes (9). A study 
was conducted on the effects of the intravenous 
administration of commercially available nucleo- 
sides ® as well as plasma and washed red cells from 
blood stored in ACD + adenosine. 

The average minimal intravenous dose of adeno- 
sine producing a depressor response was 1 pmole 
in the rabbit and 10 pmoles in the dog. The aver- 
age blood pressure fall was 80 mm. Hg in four to 
ten seconds after injection. The duration of the 
effect was variable, increasing with greater doses 
to as much as 200 seconds when 500 pmoles was 
given intravenously to a dog. There were no sig- 
nificant electrocardiographic changes in rabbits 
given 10 times the minimal hypotensive dose. The 
administration of amounts up to 100 times the 
minimal dose did not produce fatalities. The re- 
sults were comparable in the two species. 


5 Obtained from Schwarz Laboratories, Mt. Vernon, 
New York. 
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Solutions of guanosine, xanthosine, and inosine 
did not cause an observable effect in amounts up 
to ten times the minimal hypotensive dosage of 
adenosine. A significant fall in blood pressure 
was observed in the dog after 400 pmoles of deoxy- 
adenosine was given. Thus the relative hypo- 
tensive effect of deoxyadenosine was estimated to 
be less than 5 per cent that of adenosine. Adeno- 
sine-5-phosphate was equal to adenosine in tox- 
icity but ribose and adenine were without effect. 
It was demonstrated further that injected plasma 
from blood stored 14 days in ACD plus adenosine 
produced transient and mild hypotension, while 
injection of washed intact erythrocytes was with- 
out effect. 


DISCUSSION 


The incubation of stored blood with adenosine 
and other nucleosides results in a repletion of cel- 
lular organic phosphates and an increased ability 
of the cells to utilize glucose aerobically (1). This 
restoration of the energy potential has been as- 
sociated, as well, with improvement in osmotic 
fragility, an increase in intracellular potassium 
and improvement in post-transfusion viability (2). 
From the data in the present communication, it 
is evident that the addition of adenosine (2500 
pmoles per 100 ml. RBC) as a supplement to 
ACD during the storage of blood at 4°C. prolongs 
the period of useful storage to about 40 to 50 days. 
Supplementation at weekly intervals was shown 
to improve viability over an additional period of 
time. 

The use of citrate alone as a preservative is 
associated with a rapid loss of cell viability, while 
the addition of glucose prolongs the useful stor- 
age period from 5 to 15 days, and an acid-citrate- 
dextrose medium extends this period to 21 days. 
Although adenosine added to citrated blood also 
improves viability, supplementation with both 
adenosine and glucose provides the best results. 
This implies that adenosine and glucose are com- 
plementary and neither completely substitutes for 
the other. 

The hypotension produced in rabbits and dogs 
with small amounts of adenosine (1 to 10 pmoles) 
indicates the potentially hazardous effects of this 
substance. Only a small amount of adenosine- 
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treated blood has been transfused and only after 
repeated washing of the cells. Related purine 
nucleosides were found to be less “toxic,” but 
only deoxyadenosine was studied in some detail. 

It has been suggested (1, 3) that nucleosides 
provide the necessary substrate through phosphor- 
olytic cleavage, and that the resultant ribose-1- 
phosphate participates through the aerobic shunt 
pathway in the energy-yielding reactions to main- 
tain the cell. The existence of a nucleoside phos- 
phorylase in this reaction is implicit in the work 
of Dische (10) and has been isolated in purified 
form from human erythrocytes (3). Inasmuch 
as inosine and guanosine are split readily by this 
phosphorylase and adenosine only at a very slow 
rate, it would appear that the action of adenosine 
could be explained by an initial conversion to 
inosine and subsequent cleavage to ribose-1-phos- 
phate and hypoxanthine (3). This conversion 


can occur by means of an adenosine deaminase 
which has been found in the erythrocyte (11, 12). 
Thus this reaction sequence would implicate ino- 
sine as the actual effective agent in erythrocyte 
preservation, and further studies with this nucleo- 
side will be reported subsequently. 


SUMMARY 


The addition of adenosine to rabbit or human 
blood stored at 4°C. in acid-citrate-dextrose im- 
proves the preservation of erythrocytes. The 
chemical characteristics of the red cell are im- 
proved, and the effective period of storage is ap- 
proximately twice as long as with acid-citrate-dex- 
trose alone. In high concentrations adenosine 
without glucose extends the period of viability 
of citrated blood and reduces the glucose consump- 
tion. However, both adenosine and glucose are 
necessary to provide optimal cell preservation. A 
similar effect is produced by related purine nu- 
cleosides, such as deoxyadenosine. The relative 
toxicity of these compounds when administered 
intravenously, and a possible mechanism of action 
of adenosine in blood preservation are discussed. 
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Interest in adrenal medullary function has been 
revived in recent years by the demonstration that 
the adrenal medulla produces two hormones, epi- 
nephrine and nor-epinephrine. Nor-epinephrine, 
which is also produced by adrenergic nerves (1), 
differs in its chemical structure from epinephrine 
by the absence of an N-methyl group, and is the 
probable precursor of epinephrine. The obser- 
vation by Goldenberg, Faber, Alston, and Chargaff 
(2) that adrenal medullary extract from cattle 
(natural epinephrine, U.S.P.) contained up to 18 
per cent nor-epinephrine was confirmed by Tullar 
(3) and Auerbach and Angell (4). Subsequently, 
nor-epinephrine was found in varying proportions 
in the adrenal medullary extracts of several mam- 
malian species, including man, and it has been 
shown that the majority of pheochromocytomas 
contain larger amounts of nor-epinephrine than of 
epinephrine (5). 

Although the cardiovascular effects of these 
hormones in man have been well established (6), 
there are few studies concerning their comparative 
metabolic effects. It is highly probable that in 
many of the early studies of the circulatory and 
metabolic effects of epinephrine, mixtures which 
contained varying proportions of nor-epinephrine 
were used, since it was demonstrated in 1948 that 
adrenal medullary extract from cattle produced a 
rise in blood sugar in the rabbit comparable to that 
obtained with a mixture of 75 per cent epinephrine 
and 25 per cent nor-epinephrine, rather than that 
obtained with pure epinephrine (7). 

The similarity of the responses which occur 
during insulin hypoglycemia to those produced 

1 The work described in this paper was aided in part 
by grants from the Life Insurance Medical Research 
Fund and the Georgia Heart Association. 

2 Present address: Veterans Administration Hospital, 
Cincinnati, Ohio. 
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by the administration of epinephrine, and the pres- 
ence of increased amounts of epinephrine in the 
blood and urine during hypoglycemia (8, 9), have 
led to the general belief that increased adrenal 
medullary secretion during insulin hypoglycemia 
is in part responsible for the symptoms produced 
and for spontaneous recovery of the blood glucose 
level. This is further suggested by the observation 
in rats that a rise in blood lactic acid, similar to 
that which results from the administration of epi- 
nephrine, also occurs during insulin hypoglycemia. 
The lactic acidemia induced by hypoglycemia can 
be prevented by adrenal medullectomy (10). 

This study was undertaken 1) to evaluate cer- 
tain metabolic and circulatory effects of pure epi- 
nephrine and nor-epinephrine in man and to com- 
pare these effects with those induced by insulin 
hypoglycemia, and 2) to determine the effect of 
an autonomic blocking agent on certain circula- 
tory and metabolic changes which occur during 
insulin hypoglycemia in order to throw light on 
the mechanisms involved in these changes. 


MATERIAL AND METHODS 


All subjects were free of metabolic or cardiovascular 
disease and fasted for at least 12 hours without physical 
activity or sedation. Throughout the study, blood pres- 
sure was measured at one-minute intervals by the aus- 
cultatory method. Pulse rate was measured every five 
minutes and electrocardiograms were obtained at fre- 
quent intervals. Lactic acid and glucose (as total re- 
ducing substance) were determined in duplicate in cop- 
per tungstate filtrates prepared from venous blood. Glu- 
cose was measured by the Nelson method (11) and lactic 
acid by a modification of the Barker-Summerson method 
(12). 

Solutions of pure l-epinephrine and 1-nor-epinephrine 3 
were made from the powdered form and ascorbic acid 


3 Supplied through the courtesy of Dr. M. L. Tainter, 
Winthrop-Stearns, Ind. 
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TABLE I 
The effect of epinephrine on blood lactic acid and blood glucose 


Blood lactic acid 

mg. per 100 cc. 
Epinephrine 
dosage - 
mceg./ke./min. 15 45 


Subject 


Time after infusion started (min.) 


Blood glucose 
mg. per 100 cc. 
Time after infusion started (min.) 


60 K 60 


23.7 
16.0 
15.7 
24.1 
15.6 


MAN ARS 
NE © wh 


170 

.170 

.170 

.170 

.170 

.170 

.170 

.170 
Mean rise at indicated time 
Mean difference in rise with 
the two doses 5.1 
SE. 3 
p 0 


— 
wed 


SINR RK ONW Eww 


Stn 


A men 


154 
154 
117 
120 
145 
137 
124 
149 136 

41 23 


99 
109 
129 
132 


178 
178 
142 
122 
172 
156 
146 
172 
58.5 


159 


120 
110 
155 
133 


155 
39.0 


Osh 


3.42 
<.01 


10.6 


13.4 
82 3.54 2.09 
2 <.05 <.001 


A 
Sow 


* The values in 0 column are the mean of two determinations obtained during the control period. 


was added as a preservative. Appropriate dilutions with 
saline were made from these stock solutions. 

Following a one-hour control period, .085 meg. per 
kg. per min. of epinephrine was administered intrave- 
nously with a Bowman constant infusion pump to eight 
subjects for a 50-minute period. Two blood samples 
were obtained during the control period and single sam- 
ples at 15-minutes intervals during and after the infu- 
sion period. In order to evaluate dose responses, the in- 
fusions were repeated in the same subjects on a subse- 
quent day under similar conditions except that the quan- 
tity of epinephrine was doubled (.170 mcg. per kg. per 
min.) .4 

The effects of nor-epinephrine .170 mcg. per kg. per 
min. were studied in a similar manner in four subjects. 
Double this dosage of nor-epinephrine was attempted, but 
had to be discontinued because of severe side effects. 

In order to determine whether the circulatory and 
metabolic changes induced by administered epinephrine 
were affected by an autonomic blocking agent, hexa- 
methonium © (100 mg.) was administered intravenously 
to three subjects before beginning an infusion of .085 mcg. 
per kg. per min. of epinephrine. Three additional sub- 


4The doses of epinephrine and nor-epinephrine origi- 
nally planned for this study were 0.10 meg. per kg. per 
min. and 0.20 mcg. per kg. per min. Subsequent to com- 
pletion of the study constant weighing and calculation er- 
rors were discovered which necessitated correction to the 
accurate dosage values. 

5 Hexameton chloride, supplied through the courtesy 
of Burroughs-Wellcome and Co. 


jects were given a rapid intravenous injection of 400 mg. 
of tetraethylammonium chloride® (TEAC) before and 
again during the infusion. 

Insulin hypoglycemia was induced in five subjects with 
15 units of regular insulin intravenously after a one-hour 
control period. Hypoglycemia was terminated with in- 
travenous glucose 50 minutes later. Four blood samples 
were obtained during the control period, and single sam- 
ples at ten-minute intervals during the insulin period, and 
at 15-minute intervals after glucose was begun. On a 
subsequent day, insulin hypoglycemia was again in- 
duced in the same subjects following the administration 
of 100 mg. of hexamethonium intravenously during the 
last ten minutes of the control period. 


RESULTS 


Striking differences in both the circulatory and 
metabolic effects of epinephrine and nor-epineph- 
rine were observed. Epinephrine produced an 
increase in the pulse pressure accompanied by tachy- 
cardia and T-wave changes in the electrocardio- 
gram. These circulatory changes were accom- 
panied by an increase in blood glucose and lactic 
acid as summarized in Table I. Neither hexa- 
methonium nor TEAC had any effect on either 


6 Etamon chloride supplied by Parke, Davis and Com- 
pany, through the courtesy of Dr. E. C. Vonder Heide. 
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085 7.8 30.2 129 159 
R.R. .085 a5 12.8 104 148 162 
RK... .085 15.4 15.1 92 106 113 #120 
S. W. 085 10.5 14.8 248 21.2 101 110 119 123 = 
V. 085 8.6 13.8 12.6 105 124 142 147 
&. 085 20.3 25.3 27.8 25.9 99 123 129 141 
W. J. 085 8.5 9.9 14.5 192 122 
2. 13.7 29.1 23.6 95 121 134 150 
Mean rise at indicated time 4.0 9.8 6.8 £7:2 33 45.3 : 
24.0 20.5 91 138 151 181 || 
28.9 102 142 178 
21.8 19.7 93 110 123 135 
38.0 37.1 101 113 148 132 
18.3 16.3 104 132 148 171 
36.1 31.8 102 {27 151 156 
28.9 98 106 124 142 
36.1 21.7 107. 141 272 || 
17.2 12.4 24.4 42.6 58.6 
7.4 6.1 
2. 299 2.37 
1 <.01 <.1 | 
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TABLE II 


The effect of nor-epinephrine on blood lactic acid and blood glucose 


Nor- Blood lactic acid Blood glucose 
— Time after infusion started (min.) Time after infusion started (min.) 

Jig 0 15 30 45 60 75 15 60 7s 

7.108, .170 7.9 9.6 9.4 9.2 10.4 10.2 77 99 84 82 77 75 

M. M. .170 16.1 16.1 11.1 12.0 10.8 10.6 109 131 135 141 121 105 

.170 21.3 14.7 10.2 9.8 9.3 9.3 103 499 427 322. 99 

8.3 8.6 8.4 8.5 8.5 8.2 120 415 
Mean 13.4 12.3 9.8 9.9 9.8 9.6 101 117 118 117 107 98 
Mean rise —-1.2 -3.6 -35 -36 —3.8 16 17 16 6 —3 
200 . 230-323. 348 4.94 4.61 6.02 2.53 2.66 
p <.6 <.4 <.4 <.4 <1 <4 
the circulatory or metabolic changes induced by Epinephrine 


infused epinephrine. 

Nor-epinephrine produced a rise in both sys- 
tolic and diastolic blood pressure, associated with 
bradycardia. There was a slight rise in blood glu- 
cose but no change in lactic acid (Table Il). The 
effects of TEAC on the blood pressure changes 
induced by nor-epinephrine are presented in an- 
other report (13). 

Circulatory and metabolic changes similar to 
those which occurred during the infusion of epi- 
nephrine were observed during insulin hypogly- 
cemia. These changes were prevented by hexa- 
methonium, as shown in Table III. 


The effect of epinephrine on blood pressure 
and pulse rate in eight subjects is shown in Fig- 
ure 1. The infusion of .085 mcg. per kg. per min. 
resulted in a mean increase in systolic pressure of 
10 mm. Hg and a mean fall in diastolic pressure 
of 13 mm. Hg; the mean pulse rate rose from 84 
per minute to 97 per minute. Infusion of double 
this amount of epinephrine (.170 meg. per kg. per 
min.) produced a mean increase of 19 mm. Hg in 
systolic pressure and a mean decrease of 12 mm. 
Hg in diastolic pressure, with a rise in pulse rate 
from 86 to 107 per minute. When the infusion 


TABLE III 


Effect of hexamethonium on response of blood lactic acid and blood glucose to insulin hypoglycemia 


Blood lactic acid 
mez. per 100 cc. 
Time after insulin (min.) 


Blood glucose 
mg. per 100 cc. 
Time after insulin (min.) 


Subject 0 10 20 30 40 50 65 80 0 10 20 30 40 50 
Insulin 15 units I.V. 

ao 14.8 12.6 15.8 17.7 25.3 29.9 27.1 24.9 123 105 71 53 47 62 

5.3. 10.1 12.9 14.2 13.5 15.2 20.1 204 19.8 87 81 63 60 48 59 Cs 

M.N. 15.2 13.8 17.1 164 16.6 20. 19.0 17.0 7 79 47 35 33 39 

RJ. 9.0 91 10.1 10.4 10.1 19.0 15.4 17.5 85 91 63 50 42 52 

B. W. 8.4 10.5 9.2 10.0 r1.7 13.7 13.2 15.2 87 893 73 47 34 48 
Mean change at a 

indicated time +0.26 +1.77 +2.10 +4.29 +9.19 +7.51 +7.37 —6.0 —32.4 —46.8 -—55.0 —43.8 

Hexamethonium 100 mg. I.V. + insulin 15 units I.V. 

3.2 124 137 168 183 180 199 98 75 38 20 22 21 

OS 15.1 13.7 12.5 12.6 13.3 18.5 16.8 17.6 91 81 48 37 32 31 

M.N. 83:5 189 5 13.7 464 95 92 55 34 23 22 

324 138 WS 13.1. 161-427 48 92 90 69 55 46 43 

B. W. 9.5 10.0 9.4 10.2 10.0 6.7 9.0 11.1 121 114 84 62 49 41 
Mean change at 

indicated time —0.25 +0.87 +2.90 +1.44 +2.09 +2.13 +4.08 —9.0 —40.6 —57.8 —65 —67.8 
Mean diff. in 

change with 

and without C6 +0.51 +0.90 —0.81 +2.84 +7.10 +5.38 +3.29 +3.0 +8.0 +11.0 +10.0 +24.0 
S.E. 1.09 1.83 2.06 1.48 0.98 1.09 1.69 4.76 6.0 5.26 4.09 5.30 
p <.8 <.2 <2 <.6 <.1 <.02 
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EPINEPHRINE 
085 ¥/Kg./min. 


EPINEPHRINE 
me 170 /Kg./min. 


10 20 


30 40 50 60 70 


TIME- MINUTES 


Fie. 1. 


Tue MEAN Bioop PressurE (MM. HG) AND RATE (PER 


MINUTE) RESPONSES TO EPINEPHRINE IN E1GHt Supyects WHo RECEIVED 
085 MCG. PER KG. PER MIN. ONE Day AND .170 MCG. PER KG. PER MIN. ON A 


SUBSEQUENT Day 


The shaded area represents the infusion period. 


blood and 
promptly returned to control values. 

The electrocardiograms taken on six subjects 
during the infusion showed a decreased amplitude 
of the T-waves in four and inversion of the 
T-waves in two; the OT interval was prolonged 
in five. These changes were more marked with 
the larger dose, and disappeared in from thirty 
to sixty minutes after the infusion was discon- 
tinued. 

The effects of epinephrine on blood glucose and 
lactic acid are shown in Figure 2. The peak rise 
in glucose occurred 45 minutes after the infusion 
was started; a mean rise of 45 mg. per cent was 
observed with .085 meg. per kg. per min. and 59 
mg. per cent with the larger dose. Comparisons 
of the rise in glucose above individual control val- 
ues at the two-dose levels show a significant dif- 
ference at 45 and 60 minutes, indicating a dose 
response relationship with respect to blood glucose. 

The maximum rise in blood lactic acid occurred 
ten minutes after the infusion of .085 mcg. per kg. 


was stopped, the pressure pulse 


per min. of epinephrine was ended and five min- 


utes before the infusion with the larger dose was 
ended. The smaller dose produced a mean in- 
crease of 9.8 mg. per cent above the control value, 
while the large dose resulted in a mean increase 
of 17.2 mg. per cent above the control value. The 
differences between the elevations of lactic acid 
obtained with the two doses of epinephrine are 
statistically significant at the 15, 30, 45 and 60- 
minute periods after the start of the infusion, and 
suggest a dose response relationship with re- 
spect to lactic acid. 

Hexamethonium and TEAC had no effect on 
the circulatory or metabolic effects of epinephrine. 
In the three subjects who received hexamethonium 
prior to the infusion, blood glucose (average) in- 
creased 62 mg. per cent above the control level, 
and blood lactic acid 10.8 mg. per cent. Similar 
results were obtained in the three subjects who 
received TEAC before and during the infusion. 


Nor-epinephrine 


In Figure 3 are shown the mean changes in 
blood pressure and pulse rate in the four sub- 
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jects who received .170 meg. per kg. per min. of 
nor-epinephrine. The mean rise in systolic pres- 
sure was 38 mm. Hg and 26 mm. Hg rise in dia- 
stolic pressure. The pulse rate decreased from 83 
to 63 per minute. Changes in the T-waves and 
QT intervals seen with epinephrine did not oc- 
cur. In one subject, nodal premature contractions 
appeared shortly after the infusion was begun but 
disappeared spontaneously after minutes of infu- 
sion. 

Within a few minutes after beginning an infu- 
sion of .340 meg. per kg. per min. of nor-epineph- 
rine in these subjects, the mean blood pressure 
rose from a control level of 108/63 mm. Hg to 
185/115 mm. Hg, an increase of 77 mm. systolic 
and 52 mm. diastolic. Simultaneously, severe 
throbbing headache and a sense of tightness in the 
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chest developed, and the infusion was discontinued. 
The blood pressure rapidly returned to normal, 
although the headache persisted for as long as 
thirty minutes. 

The effects of .170 mcg. per kg. per min. of 
nor-epinephrine on blood glucose and lactic acid 
are also shown in Figure 2 and Table II. The 
effects of the larger dose could not be evaluated 
because the infusion was discontinued after only 
a few minutes. A maximum mean increase in 
blood glucose of only 17 mg. per cent above the 
control value occurred 30 minutes after the infu- 
sion was begun; this rise was not significant and 
was only one-fourth that obtained with a similar 
dose of epinephrine. Nor-epinephrine had no ef- 
fect on the blood lactic acid in any of the four sub- 
jects. 


160 
EPINEPHRINE .085%/Kg/min. \ 
o———©_NOR- EPINEPHRINE / \ 


-170 ¥/Kg./min. 


8 8 


GLUCOSE mg.% 
8 


8 


LACTIC ACID mg.% 
8 


15 


TIME ~ MINUTES 


Fic. 2, MEAN VALUES OF THE RESPONSE OF THE BLoop GLUCOSE AND 


30 45 60 75 


Lactic ACID DURING THE INFUSIONS OF EPINEPHRINE IN THE EIGHT SuB- 


JECTS SHOWN IN Ficure 1 


In addition mean glucose and lactic acid responses during the infusion of 
nor-epinephrine are pictured. Again the shaded areas represent the infu- 


sion period. 
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NOR- EPINEPHRINE 
170 /Kg./min. 


10 20 


30 40 50 60 70 


TIME — MINUTES 


Fic, 3. 


MEAN BLoop PRESSURE AND PULSE RATE RESPONSES IN Four Sus- 


yeEcTS Wuo REcEIVED .170 MCG. PER KG. PER MIN. OF Nor-EPINEPHRINE 


The mean blood glucose and lactic acid responses in these subjects are 


depicted in Figure 2. 


Insulin hypoglycemia 


The circulatory changes which occurred during 
insulin hypoglycemia and the effect of hexametho- 
nium on these changes are shown in Figure 4. 
Between 20 and 30 minutes after the administra- 
tion of insulin, profuse sweating, hunger sensa- 
tions and mild palpitation occurred in all sub- 
jects; simultaneous with these symptoms, the sys- 
tolic blood pressure began to rise, the diastolic be- 
gan to fall, and the heart rate increased. The 
T-wave in the electrocardiogram decreased in 
amplitude or inverted. The maximum changes in 
blood pressure and pulse were observed a few 
minutes before glucose was given, and pulse in- 
creased from 75 to 90 per minute. The circula- 
tory changes and symptoms disappeared rapidly 
after the hypoglycemia was terminated ; however, 
the T-wave changes persisted for as long as one 
hour. 

During and following the intravenous adminis- 
tration of hexamethonium, all subjects developed 
signs of autonomic blockade as manifested by dry- 
ness of the mouth, dilatation and fixation of the 


pupils to light, absence of sweating, and increase 
in the pulse rate and a slight fall in blood pressure. 
Following the administration of insulin and during 
the hypoglycemic period the signs of autonomic 
blockade were maintained. The blood pressure, 
which continued to fall and reached its lowest level 
at the time when widening of the pulse pressure 
occurred with insulin alone, showed a mean maxi- 
mum fall of 28 mm. Hy systolic and 20 mm. Hg 
diastolic from the control level. There was no 
further increase in pulse rate from that produced 
by the hexamethonium. Changes in the electro- 
cardiogram similar to those observed with insulin 
alone also occurred. Hunger sensations were not 
abolished but were milder. 

In Figure 5 are shown the metabolic changes 
which occurred during insulin hypoglycemia to- 
gether with the effect of hexamethonium on these 
changes. Following insulin alone, the mean glu- 
cose level showed a steady fall during the first 40 
minutes of the hypoglycemic period and then rose 
spontaneously before intravenous glucose was 
given. Blood lactic acid rose to 20.7 mg. per cent 
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(a significant rise from the control value) at the DISCUSSION 
same time the spontaneous rise in glucose occurred. 

After autonomic blockade with hexamethonium, 
insulin produced a greater hypoglycemic effect. 
During the last ten minutes of the insulin period, 
the blood glucose continued to fall, in marked con- 
trast to the spontaneous rise observed at this time 
with insulin alone. Despite the further fall in 
glucose, the mear maximum rise in lactic acid dur- 
ing the hypoglycemic period was only 2.0 mg. per 


In the first published report on the comparative 
hemodynamic effects of epinephrine and nor-epi- 
nephrine in man Goldenberg, Pines, Baldwin, 
Greene, and Roh (6) demonstrated that the pres- 
sor properties of these hormones result from dif- 
ferent mechanisms. Epinephrine in doses  suffi- 
cient to affect the blood pressure causes overall 
vasodilatation, a decrease in the peripheral re- 
: sistance, a striking increase in the cardiac output 
cent above the control value. As shown in Table , : : 

and an increase in the heart rate due to direct 
variations the re- cardiac stimulation. As a result, the systolic blood 
sponses following blockade with hexamethonium pressure becomes elevated but the diastolic pres- 
showed considerable latitude in comparison with cure remains unchanged or falls. In contrast, nor- 
the changes in blood glucose, which were more epinephrine causes overall vasoconstriction with 
consistent. consequent increase in the peripheral resistance, 

Changes in blood glucose similar to those ob- and no change in the cardiac output. Thus ele- 
served in the present study with insulin alone and vation of both systolic and diastolic pressure oc- 
insulin with hexamethonium have been reported curs. The heart rate is slowed by nor-epinephrine, 
in man by Laurence and Stacey (14) and by presumably because of increased vagal tone, since 
Schachter in dogs (15). the bradycardia may be abolished by atropine. 
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Fic. 4. THe MEAN Bioop PreEsSURE AND PULSE RATE CHANGES WHICH 
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Insuttn (15 Units) was PRECEDED By AUTONOMIC BLOCKADE WITH HEXxA- 
METHONIUM (100 mG. INTRAVENOUSLY) 


The shaded “insulin” areas indicate the period from injection of insulin 
to the termination of hypoglycemia by the administration of glucose. 
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Fic. 5. Tue Errect orf HEXAMETHONIUM ON THE BLOoop GLUCOSE AND 
Lactic Actp RESPONSE TO INSULIN IN THE SAME SusByects DEPICTED IN 


Ficure 4 


Note that after hexamethonium the hypoglycemic effect was greater, the 
blood glucose failed to rise at 50 minutes and the blood lactic acid rise was 


inhibited. 


Electrocardiographic changes similar to those 
observed with epinephrine in this study have been 
reported by other investigators (16, 17) and may 
be related to changes in serum potassium or to the 
effects of this hormone on the myocardium (18, 
19). 

The circulatory and metabolic changes produced 
by infused epinephrine are quite similar to those 
observed here during insulin hypoglycemia, sug- 
gesting that adrenal medullary secretion of epi- 
nephrine is stimulated during hypoglycemia in 


man. Rise of the blood lactic acid and spontaneous 
recovery of the blood sugar curve are thereby ac- 
counted for on the basis of an induced epinephri- 
nemia. The release of epinephrine in significant 
amounts from the adrenal medulla appears to be 
related to the degree of hypoglycemia. To judge 
from the blood lactic acid responses here pre- 
sented, the secretion of epinephrine has begun 
when the blood glucose concentration reaches 
levels of approximately 50 mg. per cent. 

In the rat, mild insulin hypoglycemia does not 
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affect the blood lactic acid; however, there is a 
very definite increase during moderate or severe 
hypoglycemia. In the adrenal demedullated rat, 
lactic acid does not increase during hypoglycemia 
and the degree of hypoglycemia produced by a 
given dose of insulin is greater than in the in- 
tact animal (10). Although the blood glucose 
level ultimately recovers, the recovery period is 
considerably prolonged in comparison with that 
of the intact animal. (uantitatively, the changes 
which occurred during insulin hypoglycemia in 
the subjects in the present study were approxi- 
mately the same as those observed during the first 
fifteen minutes of the intravenous administration 
of .170 meg. per kg. per min. of epinephrine (Fig- 
ures 2 and 5). 

Both hexamethonium and TEAC block trans- 
mission through autonomic ganglia. Hexametho- 
nium was given before insulin because the block- 
ade persists for well over one hour, whereas that 
produced by TEAC is much shorter in duration. 
The prevention by hexamethonium of the epi- 
nephrine-like changes induced by insulin hypo- 
glycemia may be interpreted as indicating inhibi- 
tion of adrenal medullary secretion of epinephrine, 
since neither hexamethonium nor TEAC af- 
fected the responses to administered epinephrine. 
The most likely site of block is the medulla itself, 
since it may be considered a modified ganglion 
and is supplied by pre-ganglionic fibers. 

Billington, Paton, Reynolds, and Sherlock (20) 
in similar studies used intramuscular hexametho- 
nium bromide (1 mg. per Kg.) and intravenous in- 
sulin (0.1 unit per kg.) given simultaneously. 
They were unable to prevent arterial lactic aci- 
demia and did not observe either enhancement of 
hypoglycemia or failure of spontaneous recovery 
of the blood sugar. However, they did note inhi- 
bition of the expected rise in hepatic glucose out- 
put and splanchnic oxygen consumption and 
thereby postulated a partial block of epinephrine 
release by hexamethonium. It appears likely that 
the smaller dose of hexamethonium they employed 
or slower absorption from the intramuscular in- 
jection (whereas insulin was given intravenously 
at the same time) produced an incomplete block 
or allowed epinephrine to be released from the 
adrenal medulla before effective hexamethonium 


blockade was achieved. 
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The similarity of the  electrocardiographic 
changes following insulin alone and insulin pre- 
ceded by hexamethonium are of interest. The 
fact that these changes were not affected following 
hexamethonium despite the prevention of other 
changes during hypoglycemia suggests that epi- 
nephrine was not responsible and that some other 
mechanism may be involved. 

The release of epinephrine by the adrenal me- 
dulla as an immediate or emergency response to 
moderate or severe hypoglycemia in man seems 
demonstrated by our data. The further fall in 
blood glucose and inhibition of the lactic acid re- 
sponse by hexamethonium indicate that this emer- 
gency response was prevented by blockade of the 
adrenal medulla. It is probable that ultimate re- 
covery of the blood glucose level by other mecha- 
nisms would have occurred had the hypoglycemia 
not been terminated. It has been suggested that 
one such mechanism may be a direct glycogenolytic 
response of the liver to hypoglycemia (21) ; this 
may be the major factor which determines spon- 
taneous recovery of the glucose level (22 

The observation that the blood lactic acid levels 
rise in response to epinephrine but are not influ- 
enced by nor-epinephrine may be of aid in evalu- 
ating the relative amount of epinephrine produc- 
tion by pheochromocytomas. 


SUMMARY AND CONCLUSIONS 


1. A comparative study of the effects of epi- 
nephrine and nor-epinephrine on the blood pres- 
sure, pulse rate, electrocardiogram, blood glucose 
and lactic acid is presented. 

2. Epinephrine influences the circulation 
mainly through its cardiac effects, while nor- 
epinephrine acts mainly on the peripheral vessels. 

3. Epinephrine induces a significant rise in 
blood glucose and lactic acid while nor-epinephrine 
does not affect these significantly. 

4. The reported circulatory and _ metabolic 
changes induced by insulin hypoglycemia are 
qualitatively similar to these seen with the ad- 
ministration of epinephrine. 

5. Whereas the circulatory and metabolic ef- 
fects of administered epinephrine are not influ- 
enced by ganglionic blockade of the autonomic 
nervous system with hexamethonium or TEAC, 
these same effects are prevented by hexametho- 
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nium followed by insulin hypoglycemia, suggest- 
ing that the main pharmacologic action of these 
agents on the adrenal medulla is a blocking one. 

6. The electrocardiographic effects induced by 
epinephrine, nor-epinephrine and insulin hypo- 
glycemia are presented. 

7. Blood lactic acid levels may be of aid in rec- 
ognizing the presence of pheochromocytomas 
which produce mainly epinephrine. 
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You can rely on 


Christian Becker 
balances 

The PBI determination is the ONLY TEST Clay Adams medical 

which directly measures thyroid function —" 

by measuring the ability to produce circu- 

lating thyroxine. 

Combining specially designed equip- 
ment, purified reagents and a simplified 
method, the Hycel System gives repro- 
ducible results to +0.1 mcg%. 

Equipment includes reagents for over 
200 determinations and special equipment 
to perform up to ten tests daily. Also in- 
cluded are Manuals describing method and 
interpretation. 

The Hycel System is the result of exten- 

sive research and testing by 
Hormone Chemistry Labo- 
ratory. They offer corrobo- Bell organic chem- 
fative assays aS a service renpiratery 
to users. equipment 


No. 53845—Hycel PBI System........$340.00 


A multiple set is available containing sufficient rea- 
gents for over 600 tests, and additional equipment 

for performing 20 or more tests daily. Our catalog ae _ 
No. 53846, it sells for $1050.00. er 


No matter what 


your laboratory 
needs—be sure to 
consult your SP 


Scientific Products VU 


DIVISION OF AMERICAN HOSPITAL SUPPLY CORPORATION 
New York + Chicago + Kansas City + Minneapolis + Atlanta + Washington - Dallas + Los Angeles + San Francisco 


Consult your SP representative for further details. 
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Precision scientific : 
equipment 
Schieffelin 
pharmaceuticals 
SP laboratory 
specialties ; 
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APPARATUS & EQUIPMENT SECTION 


Body Water 
Determinations 


Raw serum—no distillation 
30-minute test results 
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4 1% precision 
4 Inexpensive tests, and equipment 


Safe, convenient 


Advanced Tritium Analyzer 


CE ADVANCED 17 Oakcrest Road 
ot; INSTRUMENTS, wwe. Needham, Mass. 


DIRECT-DIAL READING VOLUME 
DELIVERY FROM I TO 100 uL 


SYRINGE 


MICROBURET 


Simple, fast, accu- 
rate deliveries. 
Interchangeable 
syringes give 
equivalent of a 

series of microburets, speeds multiple 
analysis on large numbers of samples. 

Write today for CATALOG! 


MICRO-METRIC INSTRUMENT CO. 


P. O. BOX 884, CLEVELAND 22, OHIO 


CARDIAC CATHETERIZATION 


Laboratories throughout the world 
use equipment specifically 
designed for them by 


ELECTRONICS for MEDICINE 


17 So. Lexington Ave. 
White Plains, N. Y. 


the KOPP-NATELSON 


MIGROGASOMETER 


%& the MODERN way 
x the ACCURATE way 
% the SIMPLE woy 


to onalyze for gas content of blood or other 
fluids. Uses only 0.03 mi sample. 


for information see your labora- 
tory supply dealer or write to: 


Dept. C 


15 Park Street, Springfield,Mass | 
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KOPP SCIENTIFIC Inc. 


Certainly the 
PROCEDURE OF CHOICE 
for 


SERUM PHOSPHATASE 


SIGMA 104 
PHOSPHATASE SUBSTRATE 


Guaranteed to be the most rapid and accurate in routine use known. Reagents 
guaranteed stable. Write for our Revised (4/55) Technical Bulletin 104. 


WHEN 


MYOCARDIAL INFARCTION 
or LIVER DAMAGE is suspected 


Determine 
SERUM TRANSAMINASE 


using the inexpensive Reagents from Sigma 


MALIC DEHYDROGENASE 
¢REDUCED FORM DPN 
¢ KETO GLUTARIC ACID 
@ASPARTIC ACID... 


Requires only a few minutes per the exciting procedure outlined 
by Karmen, Wroblewski, & LaDue, J. Clin. Invest. 34, 126, 1955 


Early reports indicate a remarkable correlation between an infarc- 
tion and greatly elevated Transaminase which reaches a maximum in 
approximately 24 hours. The simple test can be performed at 
anytime up to 24 or more hours following the infarction. 


For UREASE, we urge you to use 
SIGMA TYPE Fl UREASE 


Highest activity, surprising solubility, and low blank. 


Call, COLLECT, from anywhere in U.S.A. or Canada 
to Mr. Dan Broida, Evergreen 3-3529 


SIGMA 


CHEMICAL COMPANY 


4648 EASTON AVENUE, ST. LOUIS 13, MO, U.S.A 
MANUFACTURERS OF THE FINEST BIOCHEMICALS AVAILABLE 
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NGS 5100 


CHEMICALS 


@ 1,5-Dinitronaphthalene 

@ 1,8-Dinitronaphthalene 

1,6-Dinitro-2-naphthol 

2,6-Dinitrophenol 

@ s-Diolein 

@ 4,4'-Diphenylbiphenyl 

Diphenylcarbamyl Chloride 

Diphenyldichlorosilane 

@ Diphenylglycine 

@ Diphenylhexatriene 

Diphenylhydroxylamine 

@ Diphenyline 

Diphenylphosphory! Chloride 

@ Diphosphoglyceric Acid (Penta- 
barium Salt) 

@ 4,4'-Dipiperidy] 

@ 4,4'-Dipyridyl Hydrochloride 

@ 2,2'-Diquinolyl 

-Distearin 

Dithiodiglycol 

@ «,8-Dithiopropionic Acid 

Ask for our new 
complete catalogue 


Laboratories, Gne. 
17 West 60th St. New York 23 N.Y. 
PLaza 7-8171 
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Relax the best way 
... pause for Coke 


continuous quality 
is quality you trust 


Single Copies of 


THE TREATMENT OF ACUTE 
INFECTIOUS HEPATITIS 
July, 1955, Part Two issue of 
THE JOURNAL OF 
CLINICAL INVESTIGATION 


$1.50 
(No REPRINTS Available) 


Preprints of the 


PROGRAM of the FORTY-EIGHTH 
Annual Meeting, 1956, 
of the 
American Society for 
Clinical Investigation 
$1.00 
Order both through the Business Office of 


The Journal of Clinical Investigation 


622 West 168th Street 
New York 32, N. Y. 
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Ascending branch of albumin peak. 


Model 38-A Electrophoresis Apparatus. 


Electrophoresis 


Apparatus 


& 


Now P-E makes available a Rayleigh fringe system 
attachment to the Model 38 and 38-A Tiselius Elec- 
trophoresis instruments. The new accessory makes 
possible fast, direct measurement of refractive index 
change—photographically records derivative pattern, 
base line and full fringe field simultaneously. And 
permits considerably greater precision than is obtain- 
able with conventional systems. 


New also is a compact, efficient refrigeration unit 
which maintains water bath temperature within 
+0.02°C. — eliminating striations or distortions 
caused by ice bath temperature fluctuations. 


The model 38 itself is well known in hospitals and 
laboratories throughout the world. Here are some of 
the features of the new Model 38-A: 


Detail of albumin peak shows fine fringe structure. 


® Land Camera—pictures of patterns ready in 1 minute 
— slides, duplicates, etc., easily made from original. 
© Top-side viewer — for convenient observations of 
pattern formation and ordinary film photography. 
® Cylindrical lens viewing system — entire pattern is 
visible to operator in ground glass screen. 

© Sealed schlieren cell — eliminates fogging and need 
for dry air pump. 

* New source light assembly — 15x the intensity of 
the old. 

© Improved entrance and exit slits — provide optimum 
illumination and resolution. 

© Auxiliary exit slit— permits adjusting range and 
sensitivity for specific applications. 

© Simplified power supply — now built into instrument 
as standard equipment. 


Perkin = Elmer CCRPORATION 


Norwalk, Connecticut 
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The Role of the Adenylic System 


THE ADENYLIC 
NUCLEOTIDES 


Gradually the role of the Adenylic Nucleo- 
tides is being clarified. Their versatility 
and importance both physiologically and in 
clinical medicine is leading to applications 
in an expanding number of clinical indica- 
tions. * 


We have available the following adenylic 
nucleotides in one cc ampuls: 


IRONYL® 


IRON ADENOSINE-3-MONOPHOSPHATE 
Each one cc ampul contains 32.4 mg. of Fer- 
rous Adenylate equivalent to 28 mg. of adeno- 
sine-3-monophosphate and 4.4 mg. of ferrous 
iron. 


Available in boxes of 10, 25 and 100 ampuls 


Each Sublingual Tablet contains 32.4 mg. of 
Ferrous Adenylate equivalent to 28 mg. of 
adenosine-3-monophosphate and 4.4 mg. of 
iron. 

Available in bottles of 12, 25 and 250 tablets 


AVAILABLE ONLY TO THE CLINICAL INVESTIGATOR: 


PROCANYL® 


NICOTINAMIDE 
ADENYLATE 


NIKETHAMIDE 
ADENYLATE 


NATRI-A. T. P. 


PROCAINE ADENOSINE-3-MONOPHOSPHATE. Each one cc ampul contains 
50 mg. of Procaine Adenylate equivalent to 30 mg. of adenosine-3-monophosphate and 
20 mg. (2%) of procaine. 


NICOTINAMIDE ADENOSINE-3-MONOPHOSPHATE. Each one cc ampul con- 
tains 52 mg. of Nicotinamide Adenylate equivalent to 22 mg. of nicotinamide and 30 
mg. of adenosine-3-monophosphate. 


NIKETHAMIDE ADENOSINE-3-MONOPHOSPHATE. Each one cc ampul con- 
tains 80 mg. of Nikethamide Adenylate equivalent to 50 mg. of Nikethamide and 30 
mg. of adenosine-3-monophosphate. 


SODIUM ADENOSINE-5-TRIPHOSPHATE. Each one cc ampul contains 10.67 mg. 
of Sodium Adenosine-5-Triphosphate equivalent to 9 mg. of Adenosine-5-Triphosphate 
and 1.67 mg. of sodium. 


*An annotated Bibliography, “ABSTRACTS ON THE ADENYLIC NUCLEO- 
TIDES” with particular reference to Yeast Adenylic Acid (Adenosine-3-Mono- 
phosphate) is available on request. 
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NEW ROCHELLE, NEW YORK 
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THE BECKMAN 


OK Recording Spectrophotometers 


Available Through Harshaw 


NOW OFFER | Spectral Range 
186 to 3500 mu 


Linear 
Absorbance 


Linear 
Wavelength* 


HARSHAW SCIENTIFIC 


DIVISION OF THE HARSHAW CHEMICAL CO. 
CLEVELAND 6, OHIO 


Extended Spectral Range covers not 
only the ultraviolet and visible spectra, but 
the near-infrared. Many materials which 
absorb in the infrared also absorb in the 
near-infrared, and may now be analyzed 
easily and quickly with the Model DK. 


Speed... Entire spectral range may be 
covered in five minutes or in five hundred. 
Your choice of speeds between these ex- 
tremes. Of course, it is not necessary to cov- 
er entire spectrum ... as much or as little 
as desired may be recorded, automatically. 


Choice of Data Presentation...record 
in percent transmittance, in absorbance, or 
in spectral energy, as you choose. 


Extreme Resolution and Reproduci- 
bility ... throughout the entire spectral 
range. The DK has such exceptional design 
and construction features that its perform- 
ance is limited only by the basic physics of 
optics, detectors and sources. 


Double Beam Photomeftry...with single 
detector . . . a unique system, designed 
for maximum accuracy, reproducibility and 
sensitivity. 


DK-1 strip-chart recording. Uses a conven- 
tional strip-chart recorder . . . practically any 
wavelength range may be plotted on any length 
of chart. The chart may be expanded, for more 
detailed analysis . . . or compressed, to show a 
wide range on a small chart. Reaction rate 
studies are carried out merely by disconnecting 
the wavelength drive. 
*Kit available for conversion of DK-2 


DK-2 flat-chart recording. Uses a flat 11”x 17” 
chart, for easy handling and uniformity. Charts 
are available with a variety of preprinted wave- 
length scales, or without wavelength calibration. 
For reaction-rate studies, an additional motor is 
needed, to drive the recording pen. 


Your Local Harshaw Scientific Office will dem- 
onstrate these instruments for you and give you 
complete details. A telephone call or a post card 
will get prompt attention. 
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The 


NEW 
Phenothiazine 
Derivative 


For the Management of the 
Acutely Agitated Patient 


e The acute alcoholic The acute psychotic The drug addict 


A promising new agent in chemopsychotherapeutics, 
SPARINE has demonstrated impressive effectiveness 
in controlling acute excitation without inducing 
significant side-reactions.'** 

SPARINE is a new, clinically effective phenothiazine 
derivative, which may be administered intravenously, 
intramuscularly, or orally. The route and dosage are 
determined by the extent of central-nervous-system 
excitation and by the patient’s response. 


Supplied: Tablets, 25, 50, and 100 mg., bottles of 50 and 500; 200 mg., 
bottles of 500. Injection, 50 mg. per cc., vials of 2 and 10 cc. 


1. Seifter, J., et al.: To be published. 2. Fazekas, J.F., et al.: M. Ann. 
District of Columbia 25:67 (Feb.) 1956. 3. Mitchell, E.H.: J.A.M.A. In press. 
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